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Chapter 1 
Introduction 
Amphiphilic molecules 
Amphiphiles are molecules that contain a hydrophobic portion connected to a hydrophilic part 
(Figure 1) The hydrophobic part generally consists ol one or two saturated or unsaturated alkyl 
chains whereas the hydrophilic part may be formed by different types of water soluble head 
groups which can be neutral cationic anionic or zwittcnonic Amphiphilic molecules lorm 
aggregates upon dispersion in water due to the duality of their character In these aggregates the 
polar head groups will be directed towards the aqueous phase protecting the hydrophobic parts 
Irorn contact with water molecules The most frequently encountered amphiphiles are detergents 
(also called surfactants e e soaps) and lipids (the main constituents of cell membranes) These 
compounds are able to form various aggregates with special properties because of their 
ambivalent character and have attracted the attention of researchers tor many years They have 
been used to obtain ìeaction media with both polar and apolar phases as well as artificial 
membranes (liposomes) They have been employed to mimic enzyme action and more recently 
to construct nano- and microslructures / e supramolecular architectures with well defined 
structures sizes and surfaces ' 
θα 
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Aggregation of amphiphiles 
Dispersioni 
The driving force for the formation of aggregates is the hydrophobic effect 2 The transfer of a 
monomeric lipid molecule to an aggregate will cause a reduction of the motional freedom of the 
individual molecules and thereby an unfavourable change in entropy Since aggregation will 
concomitantly liberate the highly organised shell of water molecules surrounding the lipid this 
loss of entropy will be compensated tor resulting in a net positive entropy change Additionally 
aggregation is supported by positive vandcrWaals interactions which are generated by clustering 
of the hydrocaibon chains The release of structured water has been regarded as the major 
driving force for the aggregation ol surfactant molecules however it has been argued that this 
view is incorrect ^ At elevated temperatures no structured water is present and the entropy 
1 
t 
Hydrocarbon chain(O 
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Figure 2 Some examples of amphiplulit molecules 
contribution becomes negative, but aggregation occurs nevertheless. At these temperatures 
aggregation is driven only by the negative enthalpy change due to the vanderWaals forces. At 
lower temperatures, this solvophobic effect is compensated by an increase in enthalpy, due to 
loss of hydrogen bonds in the structured water. As a net result, the free energy change of the 
aggregation process does not depend significantly on the temperature. 
The type of aggregate formed by a surfactant is determined by the balance between two 
opposing forces, the electrostatic repulsion between the head groups and the attractive 
interactions arising from the hydrophobic effect. The former force tends to create a larger 
interfacial area for the amphiphiles by increasing the distances between the repulsive hydration 
spheres, whereas the latter force will minimise the exposure ol the hydrocarbon chains to water 
by decreasing the interfacial area. As a consequence the aggregation behaviour of surfactants 
depends on the balance between the respective sizes of the head group and the lipophilic part of 
the molecule. A model based on statistical mechanics was developed for the aggregation of 
phospholipids.4 This model provides a packing parameter P, calculated from the area of the head 
group (a) and the volume (v) and length (1) of the alkyl chains, according to: P=v/l.a (Figure 3). 
When the amphiphiles have a conical shape, / e when the lipophilic part of the molecules is 
small with respect to the head group (P < 1/2). micellar structures will be formed. Molecules 
having a more cylindrical shape (1/2 < Ρ < 1 ) will assemble to yield either planar or spherical 
bilayers (vesicles). The alkyl chains in the interior of the bilayer may either be in a solid or in a 
fluid state, depending on the temperature. When the hydrocarbon chains are in the solid state, 
commonly referred to as the gel phase (Lß), the alkyl chains are in the AX-tram, conformation. At 
higher temperatures the chains melt and a phase transition into the liquid crystalline phase (La) 
occurs, characterised by the presence of gauche conformers. When the hydrophobic part of the 
molecule dominates the polar part (P > 1), inverted micellar structures may be formed by 
encapsulation of water molecules by the head groups ol the lipid molecules In this case the alkyl 
chains point away trom the central water pore to lorm a lipophilic matrix. 
2 
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Figure 3 SihemutiL ιерн sentanoli of common surfactant aggiegates in uatei and then dependence on 
the shape of the indis idual molecules 
Monolayers 
A different type of aggregation behaviour is encountered when a solution of amphiphihc 
molecules in an organic solvent is spread on a water surface Under these conditions the 
amphiphihc molecules form a monomolecular layer, in which the polar parts ot the molecules 
are directed towards the aqueous phase and the hydrophobic parts point away from it ^ Since 
bilayer membranes consist ol two monolayers/1 surface monolayer studies can provide 
information about the packing and orientation of amphiphiles in bilayer structures which cannot 
be obtained otherwise 
At low surface concentrations the suifactant molecules on a water surface form a two 
dimensional analogue of the three dimensional gas phase in which the molecules can move 
freely, with their hydrocarbon chains floating on the water surface This monolayer may be 
compressed by means of a barrier, which leads to a reduction of the area available for a single 
molecule (A) and hence to an increase of the surface pressure (П) In an ideal situation the 
system will pass through the stages described below (Figure 4) Compression will force the 
molecules to lift their lipophilic parts from the water surface and adopt an orientation 
perpendicular to the air-water interface The hydrocarbon chains of different molecules will 
make contact and a two dimensional liquid monolayer will be formed Continued reduction of 
c ^ 
A 
ч 
sol d ana ogous gas analogous 
area per molecule 
Figure 4 Idealised icpiesiiitalion ofa sui fan piessure sulfate Ìiiea (Π A) isotheini 
the surface area will enlorce the molecules to lorm a two dimensional solid phase in which 
rotational motion of the hydrocarbon chains is no longer possible Compiession of this rigid 
phase leads to a rapid increase of the sui face pressure until the monolayer collapses into bi or 
multilayers, or dissolves in the sub phase 
The characterisation of surfactant molecules by recording Π-Α diagrams is a very sensitive 
method which responds to the slightest changes in the structuie of the lipids By use of these 
isotherms it is possible to obtain ìnlormation not only about the molecular area, onentational 
behaviour and mobility ol amphiphiles, but also about interactions with substances dissolved in 
the sub-phase e g proteins, amino acids, or metal ions 7 Furthermoie, surface changes and phase 
separations in these monomolecular layers may be visualised by either fluorescence,8 or 
Brewster angle micioscopy 9 
Membrane models 
Lipowmes 
Cell membianes are self-assembled structures that consist of a closed bilayer of lipid 
molecules6 10 in which vanous proteins and carbohydiate derivatives are embedded " These are 
responsible for several vital functions, such as selective transport of ions and molecules over a 
membrane barrier lecognition of specific substrates in the environment of the cell, and 
regulation of energy transduction processes l 2 Membrane lipids are constructed from a polar, 
water soluble head group, linked to a lipophilic part by means of either a glycerol or a 
sphingoside moiety (Figure 5) The lipophilic paît generally consists of two alky] chains with a 
length of 14-24 carbon atoms The head group can be formed by different esters of phosphoric 
acid, or by various carbohydrates This divides these compounds in two classes, n ; 
phospholipids and glycohpids In phospholipids, the major components of biomembranes the 
phosphate groups may be estenhed to diflerent alcohols of which choline, serine, ethanolamine, 
glycerol and inositol are the most common ones 
4 
Sphingolipids 
Glycerophospholipids: 
Galactosyl Ceramlde 
Phosphatide acid 
Phosphatidyl choline 
Phosphatidyl ethanolamine 
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OH 
Figure 5 Nali\t membiane lipich 
The complexity of membranes necessitated lesearchers to develop model systems in order to 
study the specilic functions of their components In the 1960's Bangham discovered that isolated 
phosphatidylcholine, after dispersion in an aqueous solution, sell-assembled to form liposomes, 
ζ e multiple bilayers lorming concentric shells which enclose an aqueous volume и Since then 
researchers have isolated many membrane components for the characterisation of their physical 
properties and functions In order to gain insight in the dynamic structure of cell membranes, the 
polymorphism of pure and mixed phospholipids and its relation to cell fission and fusion 
processes has been intensively studied l 4 A large variety of techniques was used for the 
5 
characterisation ot the different aggregates including electron microscopy,15 ESR,16 IR,17 l 8 and 
NMR spectroscopy,19 X-ray diffraction,"10 differential scanning calonmetry,21 and monolayer 
experiments s 7 9 The factors that determine the shape of the lipid molecules e g temperature, 
pH, 2 2 as well as the factors that influence the stability ol their aggregates, eg calcium ions, 
cholesterol have been studied in great detail ^ 2 4 2 5 
Figure 6 bxample of a Surfactant molecule mth a flexible spac er between the Indrocaihon chains und 
the роки head gioup (Ref 29) 
Synthetic surfactants 
Gebicki and Hicks were the first rescarcheis to recognise the importance of vesicles, the 
synthetic equivalents of liposomes, as potential membrane model s 2 6 In 1973 they prepared 
closed bilaycr structures by shaking thin films of oleic and linoleic acids in aqueous solution 
Unfortunately, these "ufasomes" showed poor stability However, in 1977 it was demonstrated 
that a simple synthetic amphiphile \iz didodecyldimethylammonium bromide spontaneously 
forms vesicles membranes as well 2 7 This proved that the complex structure of natural lipids, and 
their intermolecular interactions, was of biosynthelic or physiological importance, rather than 
essential for the construction of the bilayer membrane itself This discovery made that positively 
charged vesicles became available for the mimicking and studying of different aspects of 
biomembranes This led to the generation of a large arsenal ot positively and also negatively 
charged, two tailed surfactant molecules, that were all able to form bimolecular membranes 2 8 
Due to the systematic approach of Kunitake and со workers, it was recognised that the 
introduction of a spacer between the polar head group and the lipophilic part allowed better 
organisation of the two alkyl chains, which significantly increased the stability of the bilayer 
structures (Figure 6 ) 2 y 
For quite some time is was believed that only amphiphiles with two alkyl chains were able to 
produce bilayer membranes the only exceptions being membrane-spanning surfactants bearing 
two polar head groups, commonly referred to as bola amphiphiles (Figure 7) 1 0 These 
compounds have been prepared by analogy to the membrane lipids of archeabactena, which 
consist of isoprenoid diphytanyl (C40) chains connected via ether linkages to form macrocyclic 
glycerol tetraethers 1 ! Natural bola-amphiphiles protect bacteria from the extremes of their 
environment including temperatures as high as 110 °C and pH values of 1 Synthetic bola-
amphiphiles were able to produce stable monolayer membranes with a thickness of ca 20 A, 
which is much thinner than commonly encountered in bilayer membranes This makes them 
especially useful for the investigation of ion channels and trans membrane electron transfer 
processes Я 2 When these bola-amphiphiles are provided with two different head groups, the 
larger ones will preferably form the outer surface of the vesicle Fuhrhop et al were the first to 
6 
Figure 7 Examples of (A) an Aicheabactciia mimbiane lipid (B) a wntlitlit single iliain 
hila\er forming bola ainphiphile (Rtf Ì0) 1С) a bola aiiiphiphile mill ino difftiinl htacl 
groups (Kef 11) (D) Schematic ι tpresentalton of asymmetric vesicle memhiants formed In the 
lattei compound 
use this concept for the constiuction ot unsymmetucdl vesicles having diffeicnt inner and outer 
surfaces (Figure 7c d ) 1 Я 
In spite of the dogma that single chain surfactants can not form bilayer aggiegates, Kunitake 
reported the formation of stable bilayers from single chain amphiphiles containing ugid aromatic 
segments as stabilising moieties (Figure 8 ) , 4 1 5 The stacking of these ai ornali«, segments limits 
the conformational motion of the alkyl chains providing extra stability to the aggiegate Other 
methods to stabilise the membrane structure from single tail surfactants are the introduction of 
intermolecular hydrogen bonding moieties,% οι the use of hyper extended alkyl chains v 
Figure 8 (A) Rigid segments (Ref ?5 Ì6) and (B) inteimokcidai Indiogin bonds (Rcj Ì7) stabilise 
hiltnei joimation from single (ham sut fat tant \ (C) Schematic it pi esentatimi of the stabilising 
intei actions between the connector parts of these molt tides (D) Also the list of hspei t \lendtd alkil 
chains leads to the joimation of \esitlt s from single chain suijattimts (Rtf 38) 
1 
Figure 9. Dijfei ent appi OCH hes lo the stabilisation o¡ hilaser ¡nembi unes In pohmerisatioii (Ref. 40) 
A serious drawback of vesicles as membrane models is their limited stability. Most surfactants 
form planar bilayer structures, and vesicles have to be generated e.g. by ultrasonic irradiation. 
The problem or instability was solved by the covalent linking of the surfactant molecules by 
means of polymerisation. The first example ot a polymensable surfactant was reported by Regen 
and co-workers.38 They connected one chain of a dialkyldimethylamonium surfactant with a 
terminal methacrylate group which was polymensed alter vesicle formation. Several other 
approaches to produce polymerised vesicles have been reported (Figure 9).19 including the 
polymerisation of counter-ions, an elegant method, mimicking the cyloskeleton, and leaving the 
surfactant molecules unaffected 40 
Functional aggregates 
Membranes fulfil other vital I unctions apart from insulating the cell from its environment 
Surfactants with additional functional groups have been designed to extend this study ol 
aggregates to provide a better understanding of these processes This approach is based on the 
fact that biochemical reactions proceed in microheterogeneous systems, which contain both 
organic and aqueous phases Since active sites are mostly located in a hydrophobic region, 
attachment of an enzyme-related functional group to the amphophilic molecules provides 
interesting en/yme model systems. It has been demonstrated that the action of various en7ymes 
can be mimicked by micellar and vesicular aggregates.41·4-·41 In this respect the action of 
metallo-aggregates is of particular interest The cooidination ol amphiphihc hgands to transition 
metals provides aggiegates, the surfaces of which are formed by potentially catalytic centres 44 
Metallo-aggregates have already been used for the enanlioselective hydrolysis of esters.45 the 
8 
higure 10. Schematic ι epiescalation of a monola\ei of lipid molecules hetuini· specific lecognition sites 
which interacts with piolan molecules dissohed in the sub-phase leading to the two dimensional 
с η stallizcition oj the pi oie m (Ret 50) 
binding of molecular oxygen,46 and light induced charge separation 4 7 Membrane-spanning 
amphiphilic metallo-porphynns have been reported to catalyse the site selective oxidation of 
alkenes 4 8 Substitution with different aliphatic chains leads to a tunable site specificity by 
controlling the location of porphyrins in the bilayer4 y 
Anothei function of membranes is the specific recognition of substrates by their surfaces In this 
respect surface monolayers have been very useful in detecting specific interactions between lipid 
molecules and substrates dissolved in the sub-phase This method has been used for specific 
recognition of proteins by different hpid-bound receptors, and has even lead to two dimensional 
crystallization of proteins (Figure 10) , 0 More recently, chelator lipids have been designed for 
the recognition of proteins carrying a so-called histidine tag Nickel complexes of these lipids, 
which carry a strong chelating unit, bind imidazole dissolved in the sub-phase "*' 
One of the major issues in biological systems is chiral recognition and discrimination Vodyanoy 
et al have shown that monolayers of L-dipalmitoyl phosphatidyl choline can discriminate 
between the two enantiomers of carvone ^2 Chiral recognition between surlactants has been 
reported to lead to a different packing in monolayers of racemic and enantiopure amino acid 
derivatives S 1 Van Esch and co-workers observed similar effects for a chiral imidazole surfactant 
which formed chiral domains when enantiopure surfactants were used, although no chiral 
discrimination was indicated by their Π A isotherms , 4 The formation of chiral monolayei 
domains has also been reported for native and polymensable phospholipids 5 ί , ή Othei 
investigators have used chiral crown ether surfactants to discriminate between the enantiomers 
9 
of different amino acids dissolved in the sub-phase 57 Miyashita and co-workers have further 
developed this approach by transferring a monolayer film of a chiral amphiphilic polymer to an 
electrode, incorporated in a device suitable for electrochemical Potentiometrie measurements 
The modified electrode showed high enantioselective discrimination between the addition of (+)-
and (-)-l-phenylethylamine 58 
Fusion and fission of membranes are of vital importance for transport and replication processes 
in living cells Phospholipid vesicles (liposomes) show membrane fusion after addition ot 
calcium ions (Figure 11) This phenomenon has been attributed to the dehydration of head 
groups allowing close contact of vesicles Vesicles of dialkylphosphate59 and 
dialkyldimelhylammonium surfactants60 have been reported also to undergo fusion upon 
addition of dehydrating agents. Budding and fusion of vesicles was observed to arise from 
osmotic or mechanical changes in giant vesicles of double chain ammonium lipids61 An 
autocatalytic, sel (-reproductive system based on the hydrolysis ot oleic anhydride in oleic acid 
vesicles has been described recently by Luisi and co-workers 62 
Figure 11. Si hematic lepresentation of dijjerent stages of the ptocess of \esnle fusion 
Surfactants as building blocks for supramolecular architectures 
The preceding sections dealt with the sell-assembly of surfactant molecules as a tool for the 
reconstruction of the structure and functions of biological membranes After the discovery that 
synthetic surfactants possess self-assembling properties, chemists quickly recognised that this 
phenomenon can also be used to construct other types of architectures Since the stacking of 
rigid aromatic segments was found to stabilise membranes of single-chain surfactants, other 
functional groups capable of inducing intermolecular interactions were also introduced The 
stabilising effect of hydrogen bonds was already known from the naturally occurring sphingo-
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and glycolipids, and was readily applied for the stabilisation ol the aggregates of synthetic 
single-chain amphiphiles.61 The use of amino acids as an easy accessible source of hydrogen 
bonding moieties led to the construction of the first synthetic membranes displaying 
supramolecular chiralily. evidenced by enhanced circular dichroism.64-6<1 Oligo-L-glutamic acid 
head groups were found to induce the formation of helical aggregates, being the first example of 
visible supramolecular chirality in synthetic amide surfactant systems.6 6 It was proposed that 
these helices roll up to form tubular structures, which were also observed (Figure 12). In the 
same year the formation of tubuli from phosphatidyl cholines with diacetylene fatly acid chains 
was reported.6 7 The formation of the.sc tubuli was suggested to follow a similar roll-up 
mechanism since helical structuies were generated as well.68 It was suggested that the alignment 
of the diacetylene units afforded a synergism between the hydrophilic and hydrophobic parts of 
the molecules, leading to the formation of these helical aggregates ω The swelling of lecithin 
films in water also produces helical aggregates, but these structures maintain a fluid character 
and are transformed into myelin figures.70 The presence of stabilising groups, such as the 
aforementioned amide and diacetylene units, provides the intcrmolecular interactions required 
for the construction of durable microstructures Helices were also observed for some 
gluconamide derivatives, synthetic glycolipids displaying a high degree of head group 
organisation through hydrogen bonding 7 I 
Figure 12 Schematic representation oj the mei hamsm ¡or the fonmiiion of some с lu ral aggiei(iile\ 
Subsequent to these remarkable observations, various ammo acid derived surfactants 7 2 
diacetylenic phospholipids,71 and aldonamides74 7 5 were shown to produce highly organised 
microstructures also Dispersion ot racemic mixtures of these surfactants generally leads to the 
formation ol achiral aggregates, but in some cases lateral phase separation of enantiomers has 
been reported 7ft 
An other type of surtactanl reported to form chiral aggregates are phosphatidyl nucleosides, 
which can be tuned to form cithei linear or circular helical s t rands 7 7 The tuning of the 
aggregation behaviour of phospholipids was already reported in the 1960s Papahadjopoulos 
demonstrated the formation of cochleate cylinders from phosphatidyl ethanolamine upon 
addition of calcium ions |"м ь It was shown more recently that transition metal ions can be used 
to tune the formation of chiral aggregates 7 8 
Aim of the study 
The molecular chirality of surlactant molecules can be expressed on a supramolecular level, 
provided that the appropriate structural elements are incorporated in the molecules, and the 
required physical conditions are met Until now, little is known on how supramolecular chirality 
relates to the molecular organisation in the aggregates, and consequently, there is no real 
guideline foi the prediction of chiral aggregate formation The general goal of the study 
described in this thesis is to investigate the effect of molecular chirality on the aggiegalion 
behaviour ot different amphiphilic molecules, and to obtain insight on the requirements for the 
construction of chiral supeistructures These aims were approached by both the introduction of 
structural variations in the molecules and the tuning of the physical conditions e g by changing 
the pH or by complexation of metal ions For this purpose a number of different molecules were 
prepared In the Laboratory tor Organic Chemistry of the NSR-centre at the University of 
Ni|megen there is ample expertise on the chemistry ot small ring heterocycles, e g epoxides7 9 
and azuidines8Ü It was therefore appropriate to investigate whether these systems could be used 
as building blocks tor the synthesis of chiral surfactant molecules (Scheme I) The opening of 
epoxides by means ot phosphoric acid derivatives was reported in 1951 8I s 2 The generated a-
hydroxy phosphates can be estenfied (o yield phospholipid denvativcs without the formation ot 
Scheme 1 
-OH 
R О 
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HN: Alkyl -
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cyclic phosphates 8 Я In piinciple this approach can also be used for the introduction of imidazole 
groups instead of phosphate functions Furthermore by replacing the epoxide by a azindine 
function an amide linkage can be inserted 8 4 Fortunately this requires a reversal ol the order ol 
introduction ot head group and alkyl chain which cieates the possibility to introduce the head 
group of choice in the final ïeaction step 
Outline of the thesis 
The research described in this thesis can be dmded roughly into two parts This can howe\ei 
be done in several ways One may distinguish between the different compounds used chiral and 
nonchiral 01 surfactants with an ester linked alkyl chain and compounds in which the 
hydiocarbon chain is connected by means ot an amide function Another possibility is a division 
based on the type of head group a part of this thesis deals with amphiphilic phosphates whereas 
the other pari is conceined with imidazole surfactants A fouith way ol dividing this work into 
two parts is by focusing on the aim ol the research This sepaiates the work into a section 
concentrating on membiane mimetic chemistry and anothei that involves supiamoleculai 
architecture There is however no discrete line throughout this thesis that divides one part hom 
another Nevertheless the ordei of the chapters is not tandom it represents an approach in which 
the influence ol individual structural featuies has been studied separately, betoie they were 
combined to yield complex systems displaying interesting aspects 
The first part of this work may be regarded as the hentage of two preceding studies conceined 
with the development ot canostatic amphiphilic phosphates Xl and the development ol 
catalytically active bilayei aggregates 8fi respectively Most of the compounds outlined in chapter 
2 and 3 had already been synthesised by Hoeks '^ The stiuctural dissimilarity of these 
compounds to native phospholipids ι e the presence of a second phosphate group and an extia 
sleieocentre could be used to realise a new approach to the processes ol cell fusion and fission 
ft was found that calcium ions induced either fusion 01 fission ot vesicles depending on the 
stereochemistty of the amphiphile Furthermore, the different types of aggregates lormed tiom 
the (5 S) isomer of a threitol derived phospholipid could be related to the lemarkablc 
conformational behaviour of this stereoisomer Chapter 4 describes efforts to extend the 
chemistry of transition metal binding surlactants, w : tor the construction ol aggregates 
displaying special surface properties 4 4 4 S 4 6 ю Depending on the pH of the aggregate dispersion 
either monomeric οι polymeric complexes are formed upon coordination of a dumidazole 
surlactant to copper(II) ions Chapter 5 deals with a synthetic approach to the stcreospecific 
introduction ol amide bonds as alkyl chain linkages The chemistry of a7indines is employed to 
intioduce an amide linked hydrocarbon chain which subsequently promotes ring opening by 
either a phosphate or an imidazole gioup These amide bonds were lound to have a dramatic 
effect on the aggregation behaviour on both the phosphate and imidazole surlactants (Chapteis 6 
and 7 respectively) Molecular chirahty was expiessed on a supiamolecular level in the form ot 
helical aggregates The expression of supramolecular chirahty was found to depend on positional 
differences of functional groups, pH metal ion binding and counter ions The chiral recognition 
of the different stereoisomers ot a phosphate containing estei surfactant by a chnal imidazole 
containing amide surfactant is described in chapter 8 This histidine derivative forms chiral 
Π 
aggregates upon complexation of cither copper (11) ions or when the proper stereoisomer of the 
phosphate surfactant described in chapter 2 is added 
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Chapter 2 
Stereodependent fusion and fission of vesicles: Calcium 
binding of synthetic phospholipids containing two 
phosphate groups 
Introduction 
Cell fusion and fission processes are thought to proceed through the binding ot calcium ions to 
acidic phospholipid molecules present in the cell membrane ' Most of these lipids contain only 
one phosphate group, and calcium binding most probably induces dimer formation 2 These 
dimers form solid domains in the fluid membrane, allowing other lipids to express their 
tendency to foim non-lamellar structures, leading to the generation ot a hexagonal phase as an 
intermediate state in the fusion or fission process The effect of calcium and other divalent ions 
on the aggregation behaviour of pure, as well as mixed native phospholipids has been studied 
extensively l _ 1 More recently,4 vesicle fusion has been demonstrated tor synthetic phospholipids 
after addition of calcium ions It has also been shown that fusion and budding processes in 
vesicles of cationic surfactants can be induced by the addition of various salts,^a_d and that the 
autocatalytic hydrolysis of oleic anhydride in oleic acid vesicles yields a self-reproducing 
system 5 e 
О 
N a 2 0 3 P O ^ O N a 2 0 3 P O - ^ ^ ^ 0 - l L C 1 7 H 3 5 
N a 2 0 3 P O ^ Na203PO—-""^ 0 ~ f p d 7HX 
О 
1 2a (R,R) 
2b (S,S) 
2c (R,S) 
A study of the influence of calcium ions on vesicle systems of surfactants containing acidic 
phosphate functions, seems the most direct approach to the understanding of the fusion and 
fission processes of living cells In most cases, however, the precipitation of their calcium 
complexes limits the utility ot pure acidic phospholipids in the mimicking of these processes In 
this context, the influence of calcium ions on the aggregation behaviour of the phosphatide acid 
analogues 1 and 2 was of interest These compounds, which also exhibit canostatic activity ,h are 
structurally related to phosphatide acid, but have two, instead of one, phosphate groups The 
lormation ol 1 1 complexes, rather than dimers, could be expected upon addition of calcium ions 
to the aggregates of these compounds 
17 
In this chapter ihe synthesis of compounds 1 and 2 and their aggregation behaviour in water is 
repoited It will be shown that the addition of calcium ions strongly affects the self assembling 
properties of these surfactants and that vesicles prepared from 2b or 2c can be used to mimic 
the fusion and fission processes of cells These compounds do not immediately precipitate after 
calcium binding due to the presence ot two phosphate groups and the processes of both fusion 
and lission can be monitored by electron microscopy A discussion of the mechanisms ol these 
processes based on the shape and physical properties of the aggregates before and after addition 
of the calcium ions is presented 
Results and discussion 
Synthesis 
Compounds 1 and 2 were synthesised17 by acylation and phosphorylation of the respective 
primary diiodo alcohols in order to avoid both acyl migration7 and cyclic phosphate formation s 
I 3 Dnodopropan 2-ol 3 was prepared conveniently from 1 Vdichloropropan 2 ol using 
Finkelstein type conditions (Scheme 1) 9 Dnodobutanediols 8 and 13 were prepared from the 
corresponding 2 Visopropylidene I 4-ditosylates 6 and 11 (Scheme 2 and 4) 
The optically active ditosylates 6a,b were obtained trom D(-) and L(+) taitanc acid, 
respectively using literature procedures (Scheme 2) l 0 " ' 2 The conversion of 6a,b into the 
corresponding dnodides 7a,b using sodium iodide in butanone proceeded smoothly and mild 
hydrolysis with tnfluoroacetic acid in aqueous methanol afforded the diols 8a,b in 97'/r overall 
yield 
Meso compound 11 was obtained (64 %) from erythntol by selective tosylalion of the primary 
hydioxyl groups and subsequent protection of the secondary hydroxyl groups using 2 2-
dimethoxypropane (Scheme λ) | Ч During the reaction of 11 with sodium iodide in butanone 
concurrent trans aceialisation occurred, probably due to the presence ol traces ol iodine l 4 The 
two diasteieomers ot the corresponding isobutylidene derivative 12 were not punlied but 
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directly subjected to hydrolysis to give 13 in 94% overall yield 
Acylation of dnodides 3, 8 and 13 was pertormed with fatty acid chlorides in pyridine using 
/V,/V-dimethylaminopyndinc (DMAP) as the catalyst Although high yields (95-97%) were 
obtained, long reaction limes were required for the completion of these reactions Performing the 
reaction in dichloromcthane and using AlCh as a catalyst.1^ resulted in an acceleration of the 
reaction for substrate 3 (96%- yield after 10 minutes) but did not lead to any product formation 
when applied to the diols 8 and 13 This is probably attributable to the napping ol the catalyst as 
a chelation-stabihsed. five membered ring, dialkoxy-aluminium complex 
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15 2c (RS) 
Reaction of diiodo esters 4, 9, and 14 with silver dibenzyl phosphate1 6 in lefluxing toluene 
aftorded the corresponding phosphotnesters in good yields Catalytic hydrogenolysis and 
subsequent ion exchange gave the respective tetrasodium salts 1 and 2 which, after 
lyophilisation, were isolated as white amorphous powders 1 7 l s 
Aggregation behaviour and calcium binding 
C¡ derívame I 
Inspection of a CPK model reveals that 1, since it bears two phosphate groups and only one tatty 
acid moiety, has a fairly large head group when compared to its lipophilic part Therefore, 
according to the structure-shape relation concept,19 the formation of micellar structures may be 
expected after dispersing 1 in water of pH=7 0 Indeed, electron microscopy revealed the 
formation of bundles of micellar fibers with a length of several micrometers, and a diameter of 
65Â (Figure la-b) These fibers showed a very faint phase transition at 23 °C in DSC (Table 1) 
The lormation of micellar structures with infinite length suggests that intermolecular interactions 
play an important role in stabilising these aggregates According to a current model,20 this type 
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Figure 1. Electron micrographs of 1 after dispersion in 2.0 тМ PIPES buffer (pH 7), {α-b) before 
(Freeze fracture), and (c) after the addition ofCaC¡2 (Pt shadow). Bars represent 100 run. 
of fibers consists of a fluid core, surrounded by a rigid shell. The formation of a network of 
intermolecular hydrogen bonds between the phosphate groups, could account for the stability of 
these structures (Figure 2). 
A precipitate was produced upon addition of an aqueous solution of calcium chloride. Electron 
microscopy of which revealed the formation of irregularly shaped, rod-like structures (Figure 
lc). These (probably crystalline) structures exhibited a strong phase transition in DSC at 148 °C 
(Table 1 ). Similar precipitations have been reported on addition of calcium ions to dispersions of 
native3»-0 and synthetic phospholipids,4 and were attributed to dehydration3c of the phosphate 
groups after complexation. 
C4 derivatives 2 
All three stereoisomers of 2 formed planar bilayers after dispersion in water of pH=7.0 by 
vortexing at 70 °C, as was demonstrated by electron microscopy (not shown). Since 2a and 2b 
are enantiomers and have therefore identical physical properties (apart from their optical 
properties), only 2b and 2c were used in aggregation experiments described below. 
Figure 2. Schematic representation of the possible arrangement of I in micellar fibers. The surface of the 
fibers is formed by the phosphate groups, which interlink the different surfactant molecules by hydrogen 
bond formation. The dashed lines represent the lipophilic parts, pointing towards the interior of the fiber. 
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Table I. DSC data obtained from aqueous 1% (w/w) dispersions ofl and 2, before and after addition of 
calcium chloride solution. 
Compound 
1 -> 1/Ca2+ 
2b -> 2b/Ca2+ 
2c -> 2c/Ca2+ 
T* (°C) ΔΗ (J/g) AS (J/g.K) 
23 -» 148 1.5 -> 16.9 0.005 -+ 0.04 
8->42 88 ^ 10 0.31 ^> 0.03 
38 ^ 41 6 6 ^ 3 0.21 -> 0.01 
* Onset temperature 
Sonication of a 0.1 % (w/w) dispersion of the (S,S) isomer 2b led to the formation of very small 
unilamellar vesicles with diameters of 15-25 nm (Figure 3a). When calcium ions were added to 
the sonicated dispersion of 2b, fusion of the vesicles occurred, resulting in larger vesicles with 
diameters of 50-100 nm (Figure 3). This process was monitored by preparing samples at 
different stages after the addition of the calcium ions. It can be deduced from Figure 3b that 
clustering of the vesicles occurs immediately after addition of the ions. The subsequent fusion 
process was trapped in different stages, showing both the incorporation of various small vesicles 
into a larger one (Figure 3c), and the simultaneous fusion of several small vesicles (Figure 3d-e). 
In contrast to other systems,5c the clustering of the vesicles is probably not the rate limiting 
Figure 3. Electron micrographs of samples containing vesicles of 2b at different lime intervals after the 
addition of CaCljUa) freeze fracture, (b-f) negative staining): (a) before addition, (b) immediately after 
addition, (c-d) after 20 minutes, and (e-f) after two hours. Bar represents 100 nm. 
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Figure 4. Powder ώΙ] ι at lion patterns of itisi films obtained from 0 1% (u/w ) di spasmus of 2b in lei) 2 0 
тМ PIPES buffer (pH 7). and (h) in 2.0 mM PIPES buffet (pH 7) containing 1.0 inM CaCh 
factor, since after two hours the fusion process was still not complete (Figuie 3f). 
DSC experiments showed that the addition of calcium ions caused an increase in the gel to liquid 
phase transition temperature (Table I). The transition entropy, calculated from these data, 
decreased remarkably from 0.30 J/(g K) to 0.03 J/(g.K), indicating drastic changes in the 
organisation of the bilayer. 
Cast films of 1 Vc (w/w) dispersions of ihe (5.5) isomer 2b were found to consist of intercalated 
bilayers with a thickness ot 38.7 ± 0 3 A, as determined trom the higher ordei reflections m 
wide angle powder diffraction patterns (Figure 4) 2 I A dillcrenl diflraciion pattern was obtained 
after addition of calcium ions ; but analysis of the data indicated the same bilayer thickness 
(d=39± 1 A).2 2 
Sonication of aqueous dispersions of mes~o compound 2c. led to the formation of unilamellar 
vesicles with a diameter of 50-100 nm (Figure 5). After addition of calcium ions, fission ol the 
vesicles occurred, leading to the formation of much smallei vesicles with diameters of 10-25 nm 
This process was tound to be relatively fast, compared with the fusion process described above, 
being complete after 20 minutes. During this process, irregular curved structures were formed, 
from which small vesicles were blebbing oft These vesicles tiansformed into tubular structures 
with a length of several micrometers, and a diameter of approximately 10-20 nm (Figuie 51) on 
being set aside tor several days. 
Dispersions prepared from 2c displayed a gel to liquid crystalline phase transition at 38 °C in 
DSC (Table I) These vesicles contained bilayers with a thickness ol 38 ± 2 A (Figure 6) 
according to powder diffraction data, indicating an intercalation of the hydiocarbon chains, 
similar to the structures formed from 2b. The addition ol CaCb led only to a minor shift of the 
phase transition temperature, but a distinct decrease in tiansition entropy was observed (Table I ). 
indicative of a lower degree of organisation of the bilayer interior. A bilayer thickness of 66 ± 1 
A was calculated from powder diffraction data, which suggests a reorganisation of the lamellae 
resulting in a normal non-intercalated bilayer structure (Figure 6) 
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Figure S. Electron micrographs of negatively stained samples containing vesicles of 2c at different time 
intervals after the addition of СаСІ2. (a) before addition, (b) immediately after addition, (c) after I min, 
(d) after 3 min, (e) after 30 min, and (f) after 3 days. Bar represents 250 nm. 
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Figure 6. Powder diffraction patterns of cast films obtained from 0.1% (w/w) 
dispersions of 2c in (a) 2.0 mM PIPES buffer (pH 7), and (b) in 2.0 mM PIPES buffer 
(pH 7) containing 1.0 mM СаСІ2-
24 
Π 60 
(mN/m) 
50 
b 
40 
30 a 
20 
10 
0 
0 20 40 60 80 100 120 
A (Â 2/molecule) 
Figure 7. Monolu\ei isoilieims of 2b (a) on pine Hitter and (h) on a 1.0 inM CaC¡2 sub-
phase (T=20"C). 
Monolayer experiments 
Monolayer experiments were then performed with 1 and 2 in order to gain insight in the effect of 
calcium binding on the size of the polar head groups ot these surfactants No stable monolayers 
were obtained after spreading 1 on an aqueous sub-phase. The presence ol only one fatty acid 
chain is probably insuflicient to prevent the dissolution ol the compound in the sub-phase. Meso 
compound 2c, after being spread on an aqueous sub-phase, occupies a smaller area per molecule 
than (S,S) isomer 2b (Figure 7) The latter shows a collapse of the monolayer at 45 A- per mole-
π 60 
(mN/m)
 5 0 
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1 0
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Figure S Monolu\ei isotherms of 2c (a) on pure Hater und (b) on a 1 0 mM C11CI2 sub-
phase (T=20°C) 
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cule. and a second increase in surface pressure, probably due to the compression of a bilayer that 
is formed dui ing the collapse (see also Chapter 3). 
Inlormation about the most favourable spatial orientation of the respective substituents in 
various conformations of compounds 2b and 2c can be obtained from an analysis of their 
Newman projections (Figure 8). The conformations / and iv, in which the ester groups are 
mutually aim. may be neglected, since they would be unfavourable in terms of hydrocarbon 
chain organisation. Thus, lor (5,5)-2 the remaining conformations may have either a gauche (π) 
or an ant ι (Hi) orientation of the phosphate groups. The latter, although more stcrically 
demanding, will be more tavourable, since it will have the lowest degree of steiic repulsion For 
the (R,S) isomer 2c both of the remaining conformations (i and vi) will lead to a gauche 
orientation of the phosphate groups This explains the relatively small molecular area compared 
to 2b. Both conformations (v and vi) of 2c lead to an overall "L"-shape for the molecule, 
whereas the anti conformation (/ƒƒ) of 2b leads to a "T"-shape. 
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Figure 9. Newman pio¡etlions of 2b (1. и, ciuci in) and2c in, 1, and wj 
The isotherms of 2b and 2c revealed a remarkable difference in the response towards the 
addition of calcium ions. When a sub-phase containing 1.0 mM calcium chloride was used 
instead ol water, the molecular area of (R.S) isomer 2c decreased, whereas the(S.S) isomer 2b 
showed a surprising increase in area per molecule. 
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a mori slick lied out < on/οι matton of the head <>ioups 
These findings tan be explained by the intramolecular binding of a calcium ion to two phosphate 
groups ot the same molecule in the case ot 2c (Figure 11) leading to a more compact 
confoimation of the molecule and the intermoleculai binding to two phosphate groups of 
different molecules in the case ot 2b (Figure 10) The latter will lead to a polymeric type of 
structure giving rise to a more stretched-out conformation with a larger moleculai area 
These differences in behaviour upon binding of calcium ions may be lationalised by considering 
again the differences in geometric orientation of the phosphate groups in these two 
diastereomenc compounds The meso compound 2c will be a better chelating agent than 2b due 
to its preference lor gauche conformations as discussed above Compound 2b prefers a 
conformation (in) in which the two phosphate groups ate anti periplanar 
Discussion of the mechanisms of fusion and fission 
The physical data obtained from the experiments described above can also be used to rationalise 
the difference in response during addition of calcium ions to vesicle dispersions of the respective 
diastercomers The formation of a polymeric type ot complex (Figure 10) will stabilise the 
membrane structure of 2b allowing larger aggregates to be formed A îeduction in surlace 
charge will decrease electrostatic repulsion between the vesicles Aggregation (Figure 12B-I) 
may then lead to the foimation ot intervesicular calcium complexes (Figure 12B Ü) Subsequent 
withdrawal of the outer bilayer halfs (Figure 12В-Ш) and merging of the two inner halts will 
produce a new intercalated bilayer (Figure 12C) Cleavage of this bilayer eventually yields the 
new vesicle (Figure 12D) 
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Chelate formation decreases the molecular area of 2c, leaving insufficient space to accommodate 
lour hydrocarbon chains. This will destabilise the intercalated structure of the original bilayer 
(Hgure 11). Transformation to a normal lamellar structure will, because of the conical shape of 
the molecules, lead to the formation of strongly curved bilayer fragments which are 
thermodynamically unstable (Figure 13b). Smaller vesicles with a lower degree of hydrocarbon 
chain packing are formed by the blebbing off of these fragments (Figure 13c-g). These vesicles 
will adopt a thermodynamically more stable organisation upon standing, resulting in the 
lormation of tubular structures. 
In the case of compound 2b, intermolecular complexation will cause an increase in molecular 
area as the molecules have to adopt a more stretched-out conformation. Since no change in the 
thickness of the bilayer was observed, it must be concluded that this process leads to a lower 
degree of hydrocarbon chain packing. This disorder in the bilayer interior will render the 
aggregates more fluid and will prevent the precipitation of the complexes With compound 2c 
the formation of a calcium complex will lead to a smaller spacial demand of the lipophilic part 
since the alkyl chains are no longer intercalated, and hence to the formation of aggregates with a 
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Figure 12 Schematic lepiesentalion of a possible mechanism fot the /usion of \esicles of 2b allei 
addition of Cit- + ions (A) mleiialared bilcnei befoie addition of ι ali mm ions, (B-l) clusleimg of the 
\esules aflei lediutwn of the lepulsive foues, (li-11) fonnation of inten esu idai complexes, (li-lll) 
ledianal of the oulei bila\ei hahes 1С) fonnation of a new mteualated hilasei and (D) the тек>іпц of 
tlu \(\ulish\ с1еа\аце of lin new hilase ι 
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Figure 13 Si liemalu ι epi esentatimi oj a possible mechanism foi the fission of \c su les of 2c a/It ι the 
addition oj calcium ions (Al Inten alateci bila\ei befoie addition of с ale ι umi on s (В) Dentase of the 
head цюир size causes a tiansjoimotion to a lui>hl\ tuned, non mteualated Inline/ (C) leduced 
electiostatic lepulsion alones contact of the head ц/oups fiom diffeienl pents of the innei bda\ei half 
(D) Head t>ioups of the molecules will leduect to the aqueous phase wich (Ε-F) bs шеіціпі; of the 
bilciM'is, ((}) leads to the blebbmg off of a small \esicle 
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low h\diocaibon chum organisation in ihe interior ot the bilayer No precipitation of the 
complex is obseived initially but precipitation occurs after several days when the vesicles have 
tiansfonned into thcrmodvnamically more stable tubular stiuctures 
Summary 
The expeuments described above ie\eal that some of these new phosphatide acid analogues 
piepared originally foi dental care purposes may sei ve as interesting models for biomembranes 
The inlioduction of an extra phosphate gioup has a dramatic effect on both the aggregation 
behavioui and on the calcium binding properties ol the phosphatide acids The increase in the 
size of the head group leads to the iormation of micellar rods in the case of surfactant 1 bearing 
only one hydiocarbon chain and to inteicalated bilayers in the case of the three different 
steieoisomeis of 2 which have two fatty acid moieties The difference in orientation of the 
phosphate groups in the meso compound and the (S S) enantiomcr ot 2 leads to a remarkably 
different response towards calcium ions Apparently (S S) compound 2b is not able to form a 
stable 1 I chelate due to stenc leasons but preferentially foims a linear polymeric complex This 
eventually leads to fusion ot the vesicles Due to confoimalional prelerences compound 2c 
lorms a I 1 chelate which leads to a déstabilisation ot the intercalated bilayer A transition to a 
normal lamellar structure restores the bilayei but requires a highly curved surface, which leads 
to the fission ol the vesicles 
Due to the large head gioup size of the descnbed phospholipid molecules which arises Irom the 
introduction ot a second phosphate gioup the calcium complexes show a poor hydiocarbon 
chain packing As a lesult of this the lamellar stiuctures formed upon dispersion in water, do 
not immediately piecipitate upon addition of calcium chloride as observed in the case ol 
phosphatide acids This enabled the monitoring ol the processes of both vesicle fusion and 
\esicle fission It was possible to present mechanistic models for the shape ol the molecular 
assemblies dunng these processes based on the physical data ot the aggregates prior to and alter 
addition of calcium ions These may be useful in understanding cell fusion and fission processes 
The Ci carbon phospholipid 1 has no significance as a membrane mimicking agent since no 
lamellar structures aie formed and addition of calcium ions leads to the precipitation of the 
aggregates The stable well defined micellai tods which howevei weie obseived may be ol 
future interest as matrices for leaction sites in heterogeneous reactions iy 21 
Experimental section 
General 
Ή NMR spectra were recorded on a Bruker AM 400 speclrometei using tetramelhylsilane as the internal 
standard Proton decoupled 81 Mbb , ! P and SO MHz n C NMR spectra weie obtained using a Bruker 
WM 200 spectrometer Chemical shifts are reported relative to trimethvl phosphate and CDCh 
lespectively IR spectra were recorded with a Perkin Elmer 298 spectrometer Mass Spectra were 
recorded on a VG 7070 E spectrometer Optical routions were measured on a Perkin Elmer 241 
l'olaimieter Melting points were determined using a Reichert Thermopan microscope and are 
unconcclcd In chiomatographic procedures Sihcagel 60H (Meick art no 7716) or Silicagel 60 silanated 
(Merck ait no 7719) were used as the stationary phase For ion exchange Dowe\ 50 W χ 2 in Na+-form 
(Пика AG art no 4446^) was used Thin layer chromatograms were run on glass supported sihcagel 60 
plates (0 2s lavcr F->-,4 Merck art no ^715) The molybdale24 and Knight and Young2*5 sprays were 
used as location reagents Solvents were dried and distilled when appropriate using the following 
10 
methods Diethvl elhei. benzene and dichloromethane were distilled trom calcium hvdnde toluene was 
distilled trom sodium, pyridine was distilled trom sodium hydroxide and THl· was distilled trom lithium 
aluminium hydride All other solvents used were ot Ρ A or ' icinst' quality 
Synthesis 
1,4 -Ditosyl erythritol. 
Erythnlol (4g. 33 inmole) was dissolved in pyridine (80 ml) and cooled to -20 "C A solution of tosyl 
chloride (12 5 g. 30 mmole) in diy dichloromelhane (40 ml) was added diopwise ovei a penod ol 8 h 
The reaction mixture was stirred lor another 16 hours while warming to room temperature After 
concentration in \acuo dichloiomethane was added to the mixture and the óigame layer was washed with 
IM aqueous sulfuric acid, water and brine After diymg over MgSCXj and evaporation ol the solvent, the 
mixlure was sub|ected to column chromatography (Silica gel. ethyl acetate/hexane I I, v/v) After 
recrystalh/alion from chloroform 1.4-ditosyl eiythntol was obtained in 55</ yield (mp 88°C) IR (KBi. 
c m 1 ) ν 1500 (O-H). 3020 (C-Η Arom). 2980. 2920 2850 (C-Η alkyl). 1600 (S=0) 'H-NMR (CDCh. 
ppm) δ I 60 (br s 2H. OH). 2 45 (s. 6H. CfchTos) 4 05 (m. 4H. CH 2 ) . 4 65 (m. 2H. CH) 7 25 (d. 4H. 
H3 & H5 arom. J=5 Hz). 7 80 (d. 4H. H2 & H6 arom, J=5 Hz) 
l,4-I)iiosyl-2,3-0-isopropylidene erythritol 11 
To a suspension ot 1.4-ditosyl erythritol ( I 0 g. 2 39 mmole) in 2.2-dimethoxv propane (10 ml) p-
toluenesulphonic acid (45 mg. 2 4 mmole) was added, and the mixture was stirred for 16 h at room 
temperature A saturated aqueous solution ol NaHCCh was added and the mixture was extiacted with 
ethyl acetate The óigame layer was washed with watei and brine, dned over MgS04 and concentrated m 
\aiuo Recrystalhzation tiom ethyl acetate gave pure 11 in 94'/( yield (mp 127-129 °C) Calculated for 
C 2 |H 2 ( l S 2 0 8 53 60 ЧС. 5 57 f/,H. 1 3 63 <7cï. found 52 60 </rC 5 37 r/rH I 3 50 9ÍS IR (KBr. em ' ) ν 
3020 (C-Η Arom). 2980, 2920. 2850 (C-Η alkyl), 1600 (S=0) 'H-NMR (CDCh. ppm) δ I 30 (s. 3H. 
СШ). 1 32 (s. 3H. CH,), 2 45 (s, 6H, CH^Tos) 4 05 (m, 4H, CH_2). 4 30 (m. 2H, CH), 7 25 (d 4H, H3 & 
H5 arom. J=5 Hz,), 7 80 (d, 4H. H2 & H6 arom. 1=5 Hz) MS (EI. m/z) 470 (M+). 285 (M-CH2OTos) 
(2R,3R)-l,4-Diiodo-hutane-2,3-diol, 8a. 
To a mixture ot tnfluoioacetic acid/methanol/waler (4 1 8. v/v/v) 7 a ' 2 (2 75 g. 7 2 mmole) was added 
The icaetion mixture was stirred loi 5 minutes at loom tempeiatuie and then poured into ethyl acetate 
The organic layer was subsequently washed with a 59Í- solution of sodium caibonate and hi me, dried 
over MgSC>4 and concentrated Product 8a was punticd by sublimation (T=l 10 °C. P=3 mm Hg) and 
obtained in a yield ol 97 Vc (mp 104-105 °C. |nt |n 2 0=-7 4 °. methanol. c = l 0) IR (KBi. cm >) ν 3230 
(OH). 2950, 2910, 2920 (C-Η) 'H-NMR (CDCh. ppm) Ô2 56(s . 2H. OH), 3 33 (m. 4H, CH2I), 3 93 
(m, 2H, CH) MS(CI+, m/z) 343 (M-t-1 ). 215 (M-I) 
(2S,3S)-l,4-Diiodo-hutane-2,3-diol, 8b. 
Compound 8b was svnthcsised starting from 7 b ' - using the same procedure as described toi compound 
8a A white solid was obtained in 96f/r yield ([a]rj2(l=+7 6 °, methanol. < = 1 0) 
(2R,3S)- l,4-Diiodo-butane-2,3-diol, 13. 
A solution ot 11 (870 mg, 2 5 mmole) and Nal ( 1 49 g, 9 3 mmole) in bulanone (200 ml) was heated 
undei lellux for 48 h The reaction mixture was liltered and the liltrafe was concentrated in \atuo The 
residue was dissolved in ethyl acelale and washed with 10'/r aqueous NaS2Oi and brine After drying 
over MgSÜ4 and evaporation ot the solvent, a diastereomenc mixture of 12 was obtained To this 
mixture tiitluoroacetic acid/methanol/watcr (4 1 8 .v/v/v) was added The reaction mixture was stirred 
tor 48 hrs at room temperature and then poured into ethyl acetate The organic layer was subsequently 
washed with a 59c aqueous solution of Na2CO^ and brine, dried over MgSÜ4 and concentrated After 
recrystalh/ation from chloroform. 13 was obtained in a yield ol 94 c/< (mp 129-131 °C) Calculated for 
С 4 Н 8 0 2 Ь 1405 7fC. 2 36
 r / H . lound 1443 C/,C. 2 43 '7c H IR (KBr cm ') ν 3250 (OH). 2910. 2850 
(C-Η) 'H-NMR (CDCh/CD,OD, ppm) δ 3 25 (m. 2H, CH) 3 50 (m. 4H. CH 2 ) MS(bI + , m/z) 342 
(М+). 215 (M-I) 
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l,3-Diiodo-2-propyl octadecanoate, 4. 
Stearoyl chloride (3 3 g, 10 mmole) was added at 0°C to a solution of 1.3-dnodo-2-propanol 3 (3 1 g. 10 
mmole) in dry dichloromethane. lollowed by the addition ot AICU (0 133 g. I 0 mmole) The reaction 
mixture was stirred lor 1 h. poured onto ice and extracted with diLhloromethane The organic layer was 
washed with \0'7c aqueous Na 2 S 2 CM and bnne. dried over M g S 0 4 . and concentrated. After 
recryslalli/ation from acetonitnle. the product 4 was obtained as a white solid in 967c yield (mp 49 °C) 
IR (KBr. cm ') ν 2905. 2850 (C-H). 1735 (C=0) MS(CI+. m/z)· 577 (M-l). 451 (M-I) Accurate mass 
found 577 102. C 2 2 H 1 9 I 2 0 2 - 1 H requires 577 104 'H-NMR (CDCh. ppm) δ 0 88 (t. 3H. CH,. J=6 7 
Hz). 1.25 (m. 28H С Н 2 ( С Н 2 ) ы С Н і ) . 1 56 (m, 3H. C ( 0 ) C H 2 C H 2 ) . 2,31 (t. 2H. C(0)CH 2 J=7 5 Hz). 
3 40 (d. 4H. CH 2 J=6 0 Hz), 4 66 (t. 1 H, CH, J=6 0 H/). 
(2R,3R)-l,4-iodobutane-2,3-diyl di-octadecanoate, 9a. 
Stearoyl chloride (3 5 g. 115 mmole) in dry ether was added at 0 °C to a solution of 8a (0 85 g, 2.5 
mmole) in dry diethyl ether (34 ml) and dry pyridine (4 3 ml) After standing tor 24 h at room 
temperature, the reaction mixture was poured into ice water and extracted with ether The organic layer 
was washed with 2N H 2 S 0 4 , with a saturated solution of Na 2 S 2 Oi. dned over MgS0 4 and concentrated. 
The product 9a crystallized from acetonitnle and was isolated as a white solid in 91c/c yield (mp 54-56 
"C. [ a t a 2 0 = + 5 3 °. CH 2 C1 2 . c = l 0) IR (KBr. cm ' ) ν 2950. 2910. 2850 (C-H). 1740 (C=0) 'H-NMR 
( C D C U , ppm) δ 0 88 (t. 6H. C H , , J=6 7 Hz). 1 25 (m. 56H. C H 2 ( C H 2 ) U C H 3 ) 1 56 (m. 4H. 
C(0)CH 2 CH 2 ) , 2,31 (t, 4H, C(0)CH 2 , J=7 5 H/), 3 22 (d, 4H, CH 2 I. J=5 8 Hz). 4.66 (m, 2H, CH) ^ C -
NMR {H](CDC13, ppm) δ 9 3 Ç_H2I. 13 9-34 11 (Ç-stearoyl), 72 0 (CH), 172.7 (Ç=0) MS(FB+. m/z) 
875 (M+l), 747 (M-I) 
(2S,3S)-l,4-Diiodobutane-2,3-diyl di-octanoate, 9b 
Compound 9b was synthesised starting from 8b using the same procedure as descnbcd for compound 9a 
A white solid was obtained in 967c yield (mp 54-56 °C. [a]D20=-6.8 ", CH2C12, < = 1 0) 
(2S,3R )-l,4-Diiodobutane-2,3-diyl di-octanoate, 14. 
Compound 14 was synthesised starting from 13 using the same procedure as described for compound 6b 
A white solid was obtained in 90f/, yield (mp 79-81 °C) Calculated tor С 4 0 Н 7 ( , О 4 І 2 54 92 C/,C. 8 76 
%H. found 55.47 C/,C. 8 79 <7rH IR (KBr, cm" 1), ν 2950, 2910. 2840 (C-H),1740 (C=0) 'H-NMR 
( C D C h . ppm)· δ 0 88 (t, 6H, C H 3 , J=6 7 Hz). 1 25 (m, 56H С Н 2 ( С Н 2 ) И С Н 3 ) , 1 66 (m, 4H, 
C ( 0 ) C H 2 C H _ 2 ) . 2,37 (I. 4H, C ( 0 ) C H 2 · J=7 5 Hz). 3 30 (dd. AA'XX'YY'. 2H. C H 2 I ) . 3 30 (dd. 
AA'XX'YY. 2H. Cfcbl). 4 86 (m, AA'XX'YY'. 2H. CH). MS (F-B+. m/z) 897 (M+Na+), 747 (M-I) 
2-Octadecanoyloxy -propan-l,3-diyl bis(dibenzylphosphate), 5 
To a solution ot 6a (1 7 g, 3.0 mmole) in dry toluene (40 ml), was added silver dibenzyl phosphate1 6 (6.6 
mmole) while stirring under argon The mixture was heated under reflux for 4 hrs with exclusion of 
light The suspension was filtered over Hyflo and the filtrate was concentrated under reduced pressure. 
The product 7a was purihed by flash chromatography (sihcagel, hexane/ethyl acetate = 7/3. v/v) and 
obtained as a colourless oil in 74<7r yield Calculated tor C4qH(,8ü|oP2 · 66 95 '/rC, 7 80 7rH, found 
66 88 <7rC. 7 87 c/cH IR (CC14, c u r ' ) ν 3015 (C-H aryl), 2920, 2840 (C-H alkyl), 1735 (C=0) 1280 
(P=0) MS(bB+ . m/z)· 879 (M+l) 'H-NMR (CDC1,. ppm) δ 0 88 (t. J=6.7 Hz. 6H. CH 3 ). 1 25 (m. 56H, 
C H 2 ( C H 2 ) U C H 3 ) . 1 56 (m. 4H, C(0)CH 2 CH 2 ) . 2.31 (t, J=7 5 Η/. 4H. C(0)CH 2 ) . 4 15 (t. J=6.() Hz. 4H, 
C H C H 2 0 ) . 5 10 (d. J= 8 0 Hz. 8H. CH 2 Bz) . 5 10 (m. IH, CH). 7.32 (s. 20H, C 6 H 5 ) " P - N M R 
(H](CDCh, ppm)· δ-3 06 
(2R,3R)-Di(octadecanoyloxy)-butan-1,4-diyl bis (dihenzylphosphate), 10a. 
The procedure as given tor 5 was followed. Starting from 9a. compound 10a was obtained as a white 
solid in 85 '7c yield (mp 44-45 °C. [ra|ir°=-l 69 °. CH 2 C1 2 , с =1 0) IR (KBr. cm ') ν 3090. 3060. 3030 
(C-H aryl). 2920, 2840 (C-H). 1745 (C=0), 1285 (P=0). 1010 (P-O-C). 'H-NMR (CDCh. ppm) δ 0 88 
(t, 6H, CHi, J=6.7 Hz), I 25 (m, 56H C H 2 ( C H 2 ) M C H 3 ) , 1 56 (m. 4H, C ( 0 ) C H 2 C H 2 ) , 2,31 (t, 4H, 
C(0)CH 2 J=7 5 Hz). 4 12 (m. 4H, C H C H 2 0 ) . 5 07 (dd. 8H. CH 2Bz. J P . H = 8 4 Hz. J H H = l 0 Hz) 5 28 (m. 
2H. CH). 7 37 (s, 20H. CftH,) ^P-NMR (H)(CDCh. ppm) δ-3 06 n C-NMR (Η](acetone D f i. ppm) 
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5 14 9-35 1 (C-stearoyl), 66 6 (ÇH 2 0 . J H C = 5 5 Hz), 70 5 (CH2Bz). 71 2 (ÇH). 128.2. 129 8. 129 9. 
Π7 6, 138 1 (QH^) . 173 6 (Ç=0) MS(FB+, m/z) 897 (M-HOP(0)(OB/)2) 
(2S,3S)-Di(octadecanoyloxy)-biitan-l,4-diyI bis (dibenzylphosphate), 10b 
Compound 10b was synthcsiscd starting trom 9b using the same procedure as described for compound 5 
Identical spectroscopic data were obtained except ior the optical rotation | α | β - ( , = + Ι 58 ü CH2C12 . 
< = l 0) 
(2S.3R)- di(octadecanoyloxy)-butan-1,4-diyl bis (dibenzy¡phosphate), IS 
Compound 15 was synthesised in 5l'/r yield, starting from 14 by the same procedure as described for 
compound 5 (mp 53-54 °C) Calculated lor C 6 SH|04O| 2P 2 69 48 V,C 8 92 <7<H. lound 68 99 <7cC. 8 77 
C/,H IR(KBr cm"1) V3090 3060. 3030 (C-Η aryl) 2940. 2910. 2840 (C-H). 1725 (C=0). 1250 (P=0) 
1020(P-O-C) 'H-NMRlCDCh. ppm) δ 0 88 (t, 6H. CH-, J=6 7 H/). I 25 (m. 56H C H 2 ( C H 2 ) i 4 C H , ) . 
1 53 (m. 4H. C ( 0 ) C H 2 C H 2 ) . 2,22 (t. 4H C ( 0 ) C H 2 , J=7 5 Hz) 4 04 (m. 2H. CHCH 2 0),4 16 (m, 2H 
C H C H 2 0 ) 4 99 (m, 8H CH 2 B/) 5 18 (br s. 2H, CH), 7 37 (s 20H. Cf,HO MS(FB + . m/z) 897 (M-
HOP(0)(OB7)2) 
Sodium octadecanoyloxy-propan· 1,3-diyl bisphosphate, I 
The tetrabenzyl ester 5 (500 mg, 0 6 minóle), dissolved in ethanol (40 ml) was subjected to 
hydrogenolysis for 0 5 hr with Pd(C) as the catalyst The catalyst was liltered oft using a small RP-2 
column and the filtrale was concentrated m \utuo The residue was dissolved in distilled water with the 
aid of a 0 05 N solution of NaOH (36 ml), treated with Dowex 50WX20 (sodium torni) and lyophilised 
The pioduct 1 was purified (RP 2. methanol/water). lyophilised and subsequently dried over P2Os at 90 
"C for 8 hrs The yield was 86% R (=0 17 ( B u O H / A c O H / H 2 0 = 4 / l / l ) Calculated lor 
C2|H_,riP20|oNa4 H 2 0 39 2<7r С 6 84</f H. 14 3% Na, found 39 O'/c С 6 74V<- H. 14 09c Na IR (KBr. 
c m
1 ) ν 2910, 2860 (C-H) 1740 (C=0). 1200 (P=0), ' ' P - N M R l H K D i O . ppm) δ-2 27) MS(FB+.Free 
acid) 541 (M+Na+) 
Sodium (2R,3R)-di(octadecanoyloxy)-butan-1,4-diyl bisphosphate, 2a. 
Compound 2a was synthcsiscd starting trom 10a using the same procedure as described for compound 1, 
and was obtained as an amorphous powder in 61 9< yield R|=() 48 (Bu()H/AcOH/H 2 0=4/l/ l ) 
Calculated for C 4 o H 7 R P 2 0 | 2 N a 4 2 1/2 H 2 0 53 19c C, 9 2<7r H, 5 4<7< Na. 5 O'/c water, found 53 2% С 
8 9CÁ H. 5 7<7r Na 4 4% water IR (KBr. cm ') ν 2950 2910. 2860 (C-H) 1735 (C=0) 1200 (P=0) ^ P -
NMR(H}(D 2 0. ppm) δ-2 27 
Sodium (2S,3S)-di(octadecanoyloxy)-butan-l,4-diyl bisphosphate, 2b. 
Compound 2b was synthesised starting trom 10b using the same procedure as described for compound 1. 
and obtained as an amorphous powder in 63 Vt yield Spectroscopic data were identical to those given tor 
2a 
Sodium 2R,3S-di(octadecanoyloxy)-hulan-l,4- dtyl bisphosphate, 2c. 
Compound 2c was synthesised starting from 15 using the same procedure as described for compound 1 
The product was obtained as an amorphous powder in 97 9f yield Its purity was checked by TLC 
(R t=0 40, BuOH/AcOH/H20=4/l/l, v/v/v) and HPLC (Partisil SAX column, UV detection at 215 nm. 
eluent 0 1 M K H 2 P 0 4 / H , P 0 4 butter ot pH=3) IR (KBr, cm"1) ν 2950. 2910 2860 (C-H), 1735 (C=0). 
1200 (P=0) " " P - N M R I H K D ^ ppm) δ-2 85 
Aggregation experiments 
Sample preparation 
Typically 1 0 mmole of a surfactant was suspended in 1.0 ml of 2mM PIPF.S (pipera7ine-/V,iV'-bis[2-
ethane sulfonic acid) buffer ot pH =7 0 by sonication at 70 °C in a bath type sonicator tor 1 hr Calcium 
ion complexes were prepared by adding 1 0 ml of a PIPES buffer containing I 0 mM СаСЬ at 70 °C to a 
Ireshly prepared vesicle dispersion ol the surlaclant These samples were kept at 70 °C lor two hrs and 
then allowed to cool to room temperature The samples were left overnight al room temperature before 
use. except when the fusion and fission ot vesicles were monitored 
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Electron microscopy 
freeze fractured^' samples were prepared by bringing a drop ot the dispersion onto a golden microscope 
gud (150 mesh) placed between two copper plates and hxated in supercooled liquid nittoaen Sample 
holders were placed in a Balzers Freeze htching System BAH 400 D at К ) 7 lorr and healed to 105 °C 
After fracturing the samples were etched lor I mm (ΔΤ=2()") shaded with Pi (layer thickness 2 nm) and 
covered with carbon (layer thickness 20 nm) Replicas were allowed to warm up to room temperature 
left on 20^i chromic acid loi 16 h and rinsed with water Negatively stained samples were prepared by 
bringing a drop ot the dispersion onto a formvar coated copper grid kept at 4 'C After 2 nun the excess 
ot dispersion was removed and the sample was stained with a 2'7c (w/w ) uianvl acetate solution 
After preparation the grids were allowed to dry and studied under a Philips ТЕМ 201 microscope 
(6()kV) 
DSC 
Thermogiams were lecorded using a Peikin & Elmer ÜSC7 instrument Samples were prepared as 
described ibove Typically 50μ1 was translerred into a stainless steel large volume pan (75 μΐ) and lett 
overnight After incubation tor 15 mm at 0"C heating runs wcte recorded tiom 0 100 °C 
Powder dijjrachon 
Samples were picparcd in a desiccator by placing a diop of the suspension on a silicon single crystal 
Subsequent evacuation caused the tree/ing ol the sample and alter sublimation of the ice the sample was 
placed in a Philips PWI7I0 ditfractomctcr equipped with ι Cu LFF X rav tube operating at 40 kV and 
55 mA Fxpenments were carried out between 3 and 60° using a step width ol 0 005° 
Monolayer experiments 
Isotherms were recorded on a thermostated home built tiough (140 χ 210 mm) The sui tace pressure 
was measured using Wilhclmy plates mounted on a Trans Тек transducer (Connecticut USA) On the 
sub phase 150 μ| ol a chlorolorm solution (0 3-0 5 mg/ml) ot the surtactant was spread and allowed to 
evaporate tor 10 mm The rate of compression was 7 0 спГ/пип 
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Chapter 3 
Aggregation behaviour of a phospholipid 
based on D (-) threitol. 
Introduction 
The properties and structure of biomembianes have attracted the interest of chemists and 
biologists tor many years l The structural complexity ol these membranes requires a systematic 
approach lo understand their function Membrane components have been isolated, and their 
properties studied 2 Phospholipids aie the main constituents of cell membranes, and much 
attention has been focused on models which describe the aggregation behavioui of these 
molecules 1 4 In more recent >cars synthetic amphiphihc molecules with sell organising 
propemes have also been described "*fl It has been shown that the aggregates formed by these 
amphiphiles can be used as models foi some aspects of biomembranes 7 
Surlactant systems able to torm chiral aggregates have been described in the litcratuie 
previously * Although many synthetic phospholipid derivatives9 and other artificial amphiphihc 
phosphates10 ' ' are known only a few of them contain more than one stereogenic centre l 2 n 
The aggregation behaviour of the (S S) stereoisomer of phospholipid 1, containing two ad|acent 
chiral centres has now been investigated l 4 A study of its properties and aggregation behaviour 
in watei by various techniques, including electron microscopy, differential scanning 
calonmctry " "P NMR spectroscopy X-ray diffraction, and Brewstei angle microscopy on 
monolayers is presented here 
О 
11.он 
Ο ι—О —PC 
ONa 
СНз(СН2)і5СН2 
— О—π— СН2(СН2)15СНз 
НО. 
^ р - о — ' 
NaO M 
О 
(S,S)1 
Results and discussion 
Determination of pK
a
-values. 
The pK
a
 values ot 1 in water were determined, vuth the objective of selecting a buffer system in 
which the charge of the molecules during aggregation experiments can be controlled The 
values for pK
a
i and pK
a
2 in water were determined by titrating a sonicated dispersion ot fully 
prolonated 1 with an aqueous sodium hydroxide solution The pK
a
| and pK
a
2 values weie found 
to be 1 8 and 10 2 respectively The fact thai the compound shows only two pK
a
-values for 
four acidic protons implies that both phosphate head groups become deprotonated 
simultaneously A similar effect has been observed in deprotonation studies of »n «-inositol 
17 
hexakisphosphate,15 where only two pK
a
-values for the abstraction of the second protons of the 
six phosphate groups are observed. 
The pK
a
-values of phosphatidic acids have been determined by titration (pK
a
i = 3.9 ± 0.1; pK
a
2 
= 8.6 ± 0.3)1 6 and 3 1 P-NMR experiments (pK
a ] = 3.5; pK a 2 = 9). 1 7 The observation that the 
pK
a
-values for 1 differ from those determined for phosphatidic acids, may be caused by a 
difference in the aggregation behaviour of the two type of compounds which is known to 
influence these values.17 
In view of the above findings, further experiments were carried out at pH=7 where each 
phosphate group was present in its mono-protonated state. 
Electron Microscopy 
The aggregation behaviour of compound 1 was studied in 2 mM PIPES (piperazine-/V./V-bis[2-
ethane sulfonic acid]) buffer (pH=7) with the help of freeze fracture electron microscopy. 
Samples were prepared by vortexing the suspension of 1 in a buffer solution at 70 °C. The 
results of this study are presented in Figure la-b. Stacked bilayer structures are observed at high 
Figure 1. (α-b) Electron micrographs of (a) an 807c (w/w) and (b) a 0.1% (w/w) dispersion of 1 in 2.0 
mM PIPES buffer (pH 7). Bars represent (a) 100 and (b) 500 nm. (c) DSC thermograms of dispersions 
containing(Graph a) 997c. (Graph b) 957c . (Graph c) 507c, (Graph d) 107c, and (Graph e) 17c of 1 in 2 
mM Pipes buffer (pH 7). 
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amphiphile concentrations (20 809ί w/w) whereas at low concentrations (0 I I 09c w/w) small 
platelets are visible 
DSC 
Thermogiams were recoided oi suspensions of 1 in buffered solutions of vaijing suitactant 
concentrations in the range from 1 to 999c (w/w) (Figure lc) Highly concentrated samples 
showed an endothermic peak at T
m
=40 °C (Δ H =30 + 1 J/g) Lowenng the concentration ga\e 
rise to a second phase tiansition at 30 °C This became the main transition when the amount ol 
amphiphile was approximately "50% Further dilution of the sample caused the endolherms to 
shift to lower temperatuies which is common lor phospholipid samples l 8 Finally a 19c 
dispersion of 1 again showed a single phase transition This appeared at 8 °C (Δ H =88 + 3 J/g) 
These lesults are in good agreement with the data fiom the electron microscopy experiments 
(see above), which re\ealed two distinct morphologies depending on the concentration of the 
surfactant molecules used 
In Table 1 the transition entropies calculated from the DSC expenments aie compaied with 
those calculated lor disteaioyl phosphatide acid (DSPA) w One can conclude that the packing 
of the molecules, of 1 at low water content is less efficient than that of DSPA molecules 
wheieas at high water content the ieverse is true 
Table I Data du ned fi от (сііошпеіік expuiinents 
sample 
1(99%) 
l(19r) 
DSPA22 
ТпГ(«С) 
40 
8 
72 ^ 
ΔΗ (J/g) 
30 
88 
59 
AS (J/g К) 
0 10 
0 32 
0 17 
ansa temperatine 
Tp-NMR spectroscopy 
^'P-NMR studies were pei formed on aqueous dispeisions containing \anous concentialions ol 1 
in the temperatuie range Irom 10 to 70 °C (Figure 2) At 70 °C the sample containing 809c (w/w) 
surfactant showed an anisotropic signal, similai to those previously o b t a i n e d 1 8 2 0 for 
phosphatide acid with a maximum at -6 ppm This chemical shilt anisotiop) is the ìesult of 
restricted motion of the phosphate head groups and indicates the piesencc ol bilayei 
structuies 222i When the temperature of the samples was lowered a second signal appeared at 
1 9 ppm which indicates the foimation ol a different type ol aggregate 22 On further decreasing 
the temperature and passing the phase transition, this isotropic signal remained, superimposed 
on a faint very broad peak 
Lowenng the concentration from 80 to 1 weight 4< at 70 °C led to a downfield shift of the signal 
originally present at -6 ppm, and to a decrease in the chemical shift anisotropy The same 
appaient shaipening ol signal with decieasing tempeiatuie as described tor the sample 
containing 80 weight 9c of the suifactant, was obseived at all the concentrations used 
The ^'P-NMR spectral lesults support the conclusions fiom the DSC and electron microscopy 
experiments that the amphiphile concentration determines the type of aggregate that is lormed 
Low water contents seem to favoui the formation ol large bilayer structures whereas at highei 
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water concenti ations the aggregates are smaller and, therefore less restricted in their motions, 
leading to a decreased chemical shift anisotropy in the NMR-spectrum 
The distnbution of the molecules over both types of aggregates also depends on the temperature 
of the samples Lowenng of the temperature favours the formation of the smaller aggregates 
exhibiting relatively low chemical shift anisotropy It is known that raising the temperature 
increases the number of gauche conformations in the hydrocarbon chains, and as a result of this 
the volume of the hydrophobic parts of the molecules becomes larger This change of 
temperature may cause the molecules to adopt a different form of aggregation This is a well-
known phenomenon lor various classes of lyotropic phospholipids l 1 2 1 This temperature 
dependent transition between the two types of aggregates appears to occur gradually and, 
therefore, was not delected in the DSC experiments 
X-ray diffraction 
Powder diffraction patterns were recorded on samples of compound 1 having different levels of 
hydration Reflections between 1 and 60° were analysed and interpreted in terms of high-ordei 
reflections of stacked bilaycr stiuctures The diffraction pattern of a sample containing 98% 
(w/w) surfactant showed higher order reflections (n=4 4 5, 6 8, I I) coiresponding with a 
bilayer periodicity ot d=57 'S + 0 4 A The thickness of the lipid bilayer without its hydration 
layer (d | ) was calculated to be of the same magnitude within these experimental en ors 
(Equation I see below) 
According to CPK models the length of a fully extended molecule of 1 amounts to 60 A The 
measuied value of 57 5 A suggests therefore, that in the bilayer the molecules have a tilted 
Temp 
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jWWfrrf 
50 
λ 1 h 
PPM -50 50
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Figure 2 NoimahsedRI MHzpmton daoupled SIP NMR spedici of 1 in 2 inM PIPES buffet (pH 7) 
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orientation 
In the diHrdc-tion pattern a bioadened reflection conesponding to a peiiodiuty ot 4 11 A and a 
taint ïeflection corresponding to a periodicity ot 4 1 l / ( \ ì ) A were obseived These reflections 
generally denoted as ds iepiesent the hexagonal packing pattern of the hydiocarbon chains in 
lipid bilayeis The broadening of the reflections indicates that the packing is distorted as is 
commonly found in tilted bilayeis 24 2 < > 2fl 
The occupied area per surfactant molecule and the area per hydiocarbon chain weie calculated 
to be S=47 'S A1 and Σ —19 7 A2 respectively 1 ? The tilt angle of the molecules in the bilayei 
can be determined from the ι elation cosO = ΙΣ/S which results in θ = 44 0 o The S/Σ latió is 
2 4 which suggests that the occupied area per molecule is large enough to accommodate 2 4 
hydrocarbon chains This indicates that under the conditions used the aiea is determined by the 
head groups of the molecules rather than by the hydrophobic chains The hydrocaibon legion 
must therelore be loosely packed which is consistent with the (heimodynamic parametcis 
derived tiom DSC-expenmenls (Table 1) 
The wide angle diffraction pattern ot a [c/c (w/w ) suspension of the suifactant did not show any 
chaiacteristic peaks or bands This suspension was subsequently dried below its phase transition 
temperature (to prevent the reorganisation of the aggregates) until the water content was 
appioximately 1 57c This dried sample displayed many high oidei leflections from which two 
periodicities could be denved One d value ( 19 reflections) was calculated to be 40 2 ± 0 1 A 
and the other (20 reflections) amounted t o d = 1 8 7 ± 0 ^ A These values may be rationalised as 
being the thickness ot a hydrated and a dehydrated bilayei of the same aggiegate Using the 
Lu77ati foimahsm 2X 
d |=d[ l+(V, /V | ) ( l C)/C] ! (I) 
in which d is the bilayei penodicity, Vf the partial specific \olume of water Vi the pattuii 
specilic volume of the suifactant,-4 and С the surlactant concentiaLion one can calculate the 
thickness ot the bilayer d ι as a function of the amount of water piesent 
ι 57 5 Α ι | 38 7 Á , 
Figure 3 Schematic lepiescnlattoii of (A) a tilted and (B) a full\ 
mteicalatcd bilcnei composed oj molecules o/ I 
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Assuming the local water content to be 29c (w/w) and using the d-value of 40 2 A equation (1) 
yields a value of d;= 18 6 A which is in agreement with the assumption that the measured d-
value of 38 7 + 0 3 A is the thickness of the dehydrated bilayer This extraordinarily small value 
implies that the bilayer has a fully intercalated structure, as shown schematically in Figure 3 
The presence of a sharp reflection representing d
s
=4 12 A indicated that in this case the 
surfactant molecules possessed a normal, non tilted orientation - y From the X ray data the area 
occupied by a surfactant molecule and the area per hydrocarbon chain can be calculated from 
these data to be S=70 7 A2 and Σ = 19 6 A2, respectively 2 9 The S/Σ ratio is 3 6, which implies 
that the molecular area is large enough to be occupied by 1 6 alkyl chains 
Monolayer experiments 
Pressure-area isotherms of 1 were recorded under different conditions The compressed 
monolayers were observed simultaneously with a Brewster Angle Microscope (BAM)2 8 The 
Π-Α diagrams, recorded at pH=7 and at temperatures of 10 °C, 20 °C, and 30 °C showed in all 
cases a plateau and after further compression again an increase in surface pressure (Figure 4) 
For the isotherms recorded at 10 and 20 °C these plateaux (at 40 and 4^ A2 molecule, 
respectively) may be interpreted as the result of a collapse of the monolayer since the minimum 
area to which two alkyl chains can be compressed amounts to approximately 38 A 2 Biewster 
angle microscopy did not give evidence lor a collapse in this region, however, this may be 
explained by a gradual formation of a bilayer This assumption is supported by the increase in 
surface pressure upon further compression and the observation of a collapse at an area of 
approximately 20 A2 per molecule At 30 °C the plateau appears at a îelatively high area per 
molecule, reflecting the expansion of the hydrophobic region, due to an increased number of 
gauche conformations in the hydrocarbon chains 
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recoided in tuo \ераіше runs 
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The isotherms recorded at 10 °C and 20 °C are very similar except for the collapse pressure 
which is lower at the latter temperature This suggests that at these temperatures unlike at 
T=10 °C, conformational motions in the hydrocarbon chains play a minor role in determining 
the area per molecule Apparently the molecular area is determined by the rotational motions of 
the head group which depend on the temperature ot the sub-phase 
Experiments at diffeient pH values of the sub phase (bigure 5) show little difference in 
molecular area between the fully protonated state (pH=l) and the situation in which the 
phosphate groups are only partially protonated (pH=7) This suggests that attractive forces 
between protonated and deprotonated OH-groups rather than repulsive forces determine the 
molecular area This is supported by the lower collapse pressure in the fully protonated state in 
which these stabilising attractive foices may be assumed to be less strong 
At pH=12, where the molecules bear a fourfold negative charge, the area per molecule in the 
liquid expanded phase is larger The observation that no bilayer formation occurs during the 
collapse at this pH (Figure ic) can be explained by assuming that in its fully depiotonated state 
the molecules arc forced to dissolve in the sub phase at pi essuies over λ6 mN/m 
The area per molecule deduced lrom the isotherm at pH=7 and T=20 °C by extrapolating the 
slope of the isotherm to zero pressure amounts to 70 A2/molecule This value may be regarded 
as the molecular area of a surfactant molecule which is not subjected to lateial pressure The 
molecular area ol 70 7 deduced trom the powder diffraction experiments on samples containing 
platelets is in good agreement with this value In the platelets in which (he surfactant molecules 
are intercalated, little lateral pressure will be enforced on the head gioups of the molecules 
since the area provided by the head groups is relatively small to accommodate tour alkyl chains 
Π 6 0 
(mN/m)
 5 0 
40 a b 
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10 
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Figure 5 Π A isotheims of1 recoidid ul 2()°t und (a) pH=l 0 (b)pH=7 0 (c) 
pH=12 0 
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Figure 6. Schematic representation of the two most probable conformations of 1. The 
conformation in which the phosphate groups are in an anti orientation (left) will lead to a 
lower degree of steric repulsion than the on in which they have a syn orientation (right). At 
higher surface pressures, however, the latter will be preferred since it has a smaller 
molecular area. 
In this situation the molecules will probably be in the sterically favourable unti conformation as 
discussed in chapter 2 (Figure 6). 
The molecular area of 45 A2/molecule, at which a collapse of the monolayer occurs, and where 
the head groups are believed to be closely packed, corresponds to the value of 47.5 A2/molecule 
Figure 7. Electron micrographs of tubuli formed from a 20% (w/w) dispersion of 1 in 0.1 mM 
ammonium formate after storage at -18 °C. (a) TEM, Pt shadow (bar = 500 nm), (b) TEM, Pt shadow 
(bar = 100 nm), (e) SEM (bar = 10 μιη), (d) SEM (Bar = 1 ßm). 
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derived trom the diffraction data obtained for (he planar bilayer structures The applied surlate 
pressure may help to overcome the barrier ol stern, repulsion between the phosphate functions 
so that the less space demanding s\/i orientation becomes the more favourable one In the non 
intercalated planar bilayers in which the head group area is relatively large to accommodate 2 
alkyl chains, the lateral pressure on the head groups of the surfactant molecules may be 
expected to be rather high It may be assumed, therefore, that in this case the molecules will 
adopt a qauche conformation in order to release lateral pressure 
Formation of tubuli 
The formation of thin while threads was observed when a 0 1 M ammonium formate butter of 
pH=8 instead ol a Pipes buffer was used to prepare a 20r/r dispersion ot 1 and when the sample 
was kept at -18 °C for two months Samples of these threads were dned and examined with 
transmission as well as scanning electron microscopy The transmission electron micrographs 
(Figure 7a-b) showed the presence of tubuli which piobably arise trom rolled up tape like 
aggregates Scanning electron microscopy showed that these tubes were assembled in thread 
like structures with diameters of approximately 0 5 μιτι (Figure 7c-d) 
The tubuli showed a sharp phase transition in DSC at 69 °C indicating that these tube like 
structures were not merely anhydrous microcnstals, as the pure compound displayed only a 
very faint transition at 80°C 
Summary 
The aggiegalion behaviour in water of the new chiral phosphatide acid analogue 1 derived 
from D ( ) threitol has been investigated using a variety oí techniques, which provided a set of 
consistent results 
Different types ol aggregates are seen by electron micioscopy in suspensions ot 1 The type ot 
aggregates depends on the concentration, the temperature and the buffer used Dispersing 1 at 
different concentrations leads to two diffeient kinds of structural types stretched bilayers are 
formed predominantly at higher concentrations wheieas smaller particles are observed at lower 
concentrations Tubuli are formed when a 20 weight % suspension ot 1 in a 0 1 M ammonium 
formale buffer is kept at 18 °C tor two monLhs These tubuli coagulate to form large thread 
like superstructures 
In the stretched bilayer aggregates formed at high concentrations of 1 the surfactant molecules 
have a lilted onentation with respect to the bilayer normal The bilayer thickness amounts to 
57 5 Â and the tilt angle is 14° as was calculated from powder diffraction data The area 
occupied per surfactant molecule calculated from the same data, is in agreement with the 
molecular area derived from monolayer expeiimenls w; 47 5 A- This area is large enough to 
accommodate 2 4 hydrocarbon chains, which suggests that the space available pei hydrocarbon 
chain is determined by the size of the head group This in turn suggests that the hydrocarbon 
chains must be loosely packed These suggestions are supported by monolayer experiments and 
DSC measurements, respectively 
The small platelets, present at low concentrations of 1 also have a bilayer structure The 
thickness of the latter is 18 6 A, which indicates an intercalation of the hydrocarbon chains The 
molecular area of 70 7 A2 calculated from X ray data, is in good agreement with the íesults 
obtained from monolayer experiments This molecular area provides room for λ 6 hydrocarbon 
45 
chains which is consistent with the alky] chains having an intercalated arrangement The 
toimation an intercalated bilavei requnes a high degree of hydrocaibon chain packing The 
theimodynamic data obtained Irom the DSC expenments are in accoid with this 
Monolayer experiments suggest that the difference in lateial pressures en hydrating forces in 
the stietched bilayers and the platelets cause the head groups of the surfactant molecules to 
adapt their conformations in such a way that an adequate packing ol the molecules is achieved 
When this study was commenced it was hoped to find pi oof toi the formation of chiral 
suprastiuctuies that may have served eventually as matnccs foi the anchoring of catalytic 
functions The introduction of two adjacent chiral centers did not lead to the foimation ol chiral 
aggregates It provides howevei a set ot stereoisomer of which the one described in this 
chapter displays a remarkable aggregation behaviour due to its specific ability to adopt dittcient 
head group conlormations 
Experimental section 
Determination of pK
a
-values 
T)picallv 10 mg (0 0117 mmole) ot compound 1 was suspended in a 50 ml 0 01 M FbSOji solution b\ 
sonication during 30 nun at 70 °C and subsequent!) tmated wilh a 0 1 M NaOH-solution pH Values 
weie measured using a Chcmtnx 60Λ pH-melei with a Onon Ross pH electrode 81 02 
FreezeJracture electron microscopy 
Freeze fractured samples were piepared hv incubating and voitexing bulfered dispersions ot the 
amphiphilc above phase tiansilion lor one hour A diop ot the dispersion was bioughl onto a golden 
microscope gnd(150 mesh) placed between two copper plates and fixated in supercooled liquid nitrogen 
Sample holders weie placed in a Balzcrs Freeze Etching System BAF 400 D at 10 7 Torr and heated to 
105()C Aftei liaetunng Ihc samples were etched tor I min (DT=20°) shaded with PtOayer thickness 2 
nml and covered with cai bon (layer thickness 20 nm) Replicas were allowed to heat up to mom 
(empetatare and lett on a 2Û4 chromic acid lor 16 hrs After rinsing with water they were allowed to drv 
and studied under a Philips ТЕМ 201 electron microscope operating al 60kV 
DSC 
Theimograms were rccoided using a Perkin & Elmei DSC7 inslrument Samples were prepared in 
stainless steel 75 ml large volume pans Attei addition of surfactant and huiler solution the pans were 
sealed and placed in a bath type sonicatoi at 70 "C I he samples were sonicated toi an hour and left 
overnight Attei incubation at 0°C loi 15 min heating runs were iccorded Irom 0 60 "C 
3IP-NMR spectroscopy 
Samples were piepared by adding 2 0 mM PIPES butler to a weighted amount ot compound I in a 10 mm 
NMR tube The samples were theimostated at 70 "C tor 60 min and vortcxed trequentlv 81 MHz 
spectra weie leeoided using a Bruker WM200 NMR speetrometei supplied wilh an Aspect 2000 Pioton 
decoupled speelra were obtained trom 200 2000 transients the π/2 pulse being 22ms with an lnlcrpulse 
time ol 1 s Chemical shills are reported relative to tnmelhyl phosphate 
Powder diffraction 
Samples were piepared in a desiccator by placing a drop of the suspension on a silicon single ciystal 
Subsequent evacuation caused the freezing ol Ihc sample and attei sublimation ot the ice the sample was 
placed in a Philips PW1710 ditfraclometer equipped with a Cu LFF X rav tube operating at 40 kV and 
55 mA Experiments were earned out between λ and 60" using a step width ol 0 01" 
Monolayer experiments 
Isotherms were leeoided on a thermostated home built trough (140 \ 210 mm) The surface pressure was 
measuied using Wilhelm) plates mounted on a Trans Tek tiansdueer (Connecticut USA) The suitace ot 
compressed monolayers was studied with a Biewster Angle Microscope (ΝΓΤ BAM 1) equipped with a 
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10 mW He-Ne laser with a beam (Jumeler of 0 68 mm opeiating л 632 8 nm Reflections weie detected 
using a CCD cimera and images were lecorded on a Panasonic superVHS \ ideo recorder On the sub-
phase (Milh-Q water adjusted to the desired pH) 50-150 ml ol a solution ol I in chlorolorm (0 33 mg/ml) 
was spread and allowed lo evaporate loi 30 mm The rate ot compression was 7 0 cm-/min 
Scanning electron microscopy 
A drop ot the sample was placed on a glass plate and allowed to dry The dried sample was co\ered with 
layer of gold using a Balzeis Gold Sputter Unit and examined at l'i "С under a JEOL Scanning 
Microscope T3(H)( 15 kV) 
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Chapter 4 
Aggregation behaviour and copper complexation of a 
surfactant containing two imidazole groups 
Introduction 
The design and synthesis of new materials from building blocks containing transition metals, has 
been a topic of increasing interest for several years. In this field, studies on self-assembly have 
led to the ïealisaiion of metal cooidinating systems displaying thermotropic1 as well as 
lyotropic2 6 liquid crystalline behaviour. During the course of the study on self-organising 
molecular structures lor application in catalysis and in material science, an interest in 
amphiphilic systems having metal binding by imidazole lunctions developed.1-4 The suggestion 
that the aggregates of metal binding chelator lipids may serve as protein immobilisation agents'1 
was of particular interest. A single-tail surfactant bearing two imidazole groups (1) was 
synthesised in order to explore further the metal binding properties of ligand systems with more 
than one imidazole group. A study of the lyotropic properties of 1 and the influence of copper 
ions on its aggregation behaviour is presented in this chapter. 
-N 
C-|7H35 — О 
1 
Results 
Synthesis 
l,3-Dibromo-2-propyl stéarate (2) was treated with imida/ole in acetonitrile at room 
temperature.6 A mixture ol compounds 3 and 4 was isolated instead of the desired product 1 
(Scheme 1). The application of elevated temperatures, or DMF as the solvent, did not lead to the 
formation of detectable amounts of the dnmidazolyl compound 1. Compound 4 (50-60%) 
together with 3 (10-25%) were obtained in all cases. 
The position of the hydroxyl group in compound 4 was determined ('H- and '-^C-NMR) by 
formation of the /?-nitrobenzoyl ester 5 in the usual mannet. The results suggested that acyl 
migialion of the ester group to the primaiy position had occurred, presumably via an 
acyloxonium ion intermediate (Scheme 1) 
A mechanistic explanation for the formation of 4 is presented in Scheme I. The first bromine 
atom in substrate 2 is readily displaced by nucleophihc attack of an imidazole molecule, as is 
evident from the formation of 3. An inspection of a space filling model of 3 revealed that direct 
nucleophihc displacement of the second bromine atom suffers from severe steric hindrance of 
the stéarate and the ImCVb group (Figure 1). During basic work-up of the reaction mixture. 
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neighbouring group participation by the carbonyl group may cause an intramolecular 
nucleophilic displacement of the second bromine atom. Subsequent attack of a water molecule, 
which is less sensitive towards sleric bulk because of its size, will give the α-hydroxy stéarate 6. 
Acyl migration, common for 2-O-acyl glycerols,7 then leads to the isolated 2-hydroxy 3-
imidazolyl-propylstearate 4. 
In order to circumvent steric hindrance, a route was chosen in which both imidazole groups are 
introduced prior to the acylation of the secondary hydroxy! group. This was accomplished by a 
one-pot reaction, involving a double nucleophilic attack of sodium imidazolatc on 
epibromohydrin in DMF and subsequent acylation of the alkoxidc intermediate by stearoyl 
chloride (Scheme 2). A white solid was obtained after aqueous work-up, using mild basic 
conditions to prevent aggregation of the imidazole surfactant. Column chromatography and 
recrystallization from ethyl acetate gave 1 in 65 % yield. 
¿ Ä 
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Figure I. Structure and С PK model afa С4Нд-(іпаіоцие oj'3. 
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Aggregation behaviour in water 
Inspection of a CPK-model clearly indicated that 1 contains a head group which is large with 
respect to its lipophilic part. It was expected therefore that this compound, according to the 
shape-structure concept,8 would form micelles after dispersion in pure water. A white, turbid 
dispersion was observed, however, indicating the presence of larger aggregates. Electron 
microscopy revealed that plate-like bilayer structures were present in this dispersion (Figure 2a). 
These bilayers were converted into large multilamellar vesicles (Figure 2b) after ultrasonic 
irradiation at 70 °C for one hour, which reconverted into platelets within a day. 
Figure 2. Electron micrographs of 1 (a) after vortexing (negative staining; inset freeze fracturing) and 
(b) after sonication (freeze fracturing). Bars represent 250 nm. 
Titrations of acidic dispersions of 1 with aqueous sodium hydroxide gave two distinct pK
a
-
values, viz. 3.6 and approximately 7, respectively. During the titration experiment the initially 
clear solution became opalescent when the first pK
a
 value was reached. Further addition of 
sodium hydroxide caused the formation of a white precipitate. The change in optical clarity 
indicates that the morphology of the aggregates depends on the degree of protonation of the 
surfactant molecules. Furthermore, the finding of a pK
a
-value of ca. 7 implies that the platelets, 
formed after dispersion of 1 in water of neutral pH, consist of a mixture of singly protonated and 
deprotonated surfactant molecules. In order to obtain a better defined size of the head group, 
further experiments were carried out at predetermined pH-values, corresponding with a 
deprotonated (pH= 9.5), a singly protonated (pH=5.5) or a fully protonated head group (pH=1.5). 
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Figure 3. Monolayer isotherms of I recorded at (a) pH 9.5, (b) pH 5.5, (c) pH 1.5. 
T=20 °C 
The sizes of the head groups at these pH-values were estimated from monolayer experiments 
(Figure 3). Molecular areas were determined by extrapolating the slopes of the isotherms in the 
liquid condensed (LC) region. This resulted in a molecular area of 56±1 A2 when a sub-phase of 
pH=9.5 was used, and an area of 71±1 A2 when the sub-phase had pH=5.5. At pH=1.5 
compound 1 was found to dissolve even at low surface pressure, which prevented the 
determination of the molecular area. 
Freeze fracture electron microscopy experiments, performed on samples prepared at pH=9.5, 
showed that bilayered structures are present at this pH (Figure 4b). These bilayers converted into 
platelets upon standing, which were similar to those obtained from samples prepared in pure 
Figure 4. Freeze fracture electron micrographs of 1, prepared at (a) pH 5.5 and (h) at pH 9.5. Bars 
represent 250 run. 
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water (Figure 2). Heating of these platelets lesulted in a reconversion into the bilayered 
structures. Electron diffraction patterns ol the platelets showed seveial bands with different 
broadening, which is typical for a poly-ciystalhne material. DSC-expenments revealed a sharp 
phase transition at 58 °C (ΔΗ= 60 J/g) for the platelets and a weaker, although still sharp, 
transition al 41 °C (ΔΗ= 42 J/g) lor the stacked bilayers. 
Powder diffraction experiments were earned out on cast films of 1. freshly prepaied at pH=9.5. 
Several higher order reflections (n=4. 5. 6. 8. 9, and 10) were visible, corresponding to bilayers 
with a periodicity of 63 ± 1 A The molecules in the bilayers must be oriented parallel to the 
bilayer normal since the maximum molecular length ol 1. as estimated from CPK space filling 
models, amounts to approximately 30 A (Figure 5a). 
The platelets which crystallized from the dispersions prepared at pH=9 5 upon standing were 
found to have a long spacing of 30.6± 0.2 A (n=2, 3. 4, 5). This suggested either a head to tail 
packing, or an intercalation of the hydrocarbon chains. 
Large multilamellar vesicles with a diameter ot approximately 1000 nm were observed in 
electron micrographs of samples prepared at pH=5.5 (Figure 4a). These vesicles showed a broad 
phase transition at 19 °C (ΔΗ=2Ι J/g) Powder diffraction patterns of cast films of these samples 
revealed highei order reflections (n=2, 3, 4. 5, 6, and 7) indicating a bilayer periodicity of 30 ± I 
A. This remarkable short bilayei periodicity can be rationalised by assuming a conlormation, in 
which the hydrocaibon chains are lully intercalated, and the imidazole groups adopt an 
orientation parallel to the bilayei sui face (Figure 5b) The formation of intermolecular hydrogen 
bonds between the head groups will stabilise this structure. 
An alternative model, which may explain the diffraction pattern, involves a tilted orientation of 
the surfactant molecules with respect to the bilayer normal. In this case the head groups may 
form either intermolecular or intramolecular hydrogen bonds. A tilted orientation of the 
molecules normally leads to a distorted hexagonal packing of the hydrocarbon chains, indicated 
by a broadening of the reflection representing the devalue. 9 The occurrence of two sharp 
reflections representing periodicities of 3.97 A and 3.97/ З À (ds and ds/v3 ), respectively, 
indicates a well defined hexagonal packing of the hydrocaibon chains, which makes a tilted 
orientation of the surfactant molecules unlikely. 
Evidence for intermolecular hydrogen bonding between protonated and non-protonatcd head 
groups was obtained from FT-1R spectroscopy The pattern assigned to the aromatic C-H 
vibiations of compound 1 (3200 and 3000 enr 1 ) changed diastically upon protonation, 
suggesting that imidazole groups are involved in hydrogen bonding, which is m agieement with 
the model shown in Figure 5b 
It is most likely that micelles are formed at pH 1.5 taking into account the head group repulsion 
that will arise Irom a two lold protonation of 1, and the fact that this compound was found to 
dissolve completely at this pH. This aspect was, howevei. not further investigated . 
Complexation with copper sulfate 
Characterisation of the comple\e\ 
Since compound 1 has two imidazole lunctions capable of coordinating metal ions, various types 
of complexes may be formed upon addition of a copper sulfate solution to an aqueous dispersion 
of 1. When only one imidazole group coordinates to the metal centre, the second one may either 
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be free οι protonated depending on the pH of the dispersion When both imidazole groups 
coordinate to copper again two possibilities can be envisaged w coordination ot both gioups 
to the same metal centre or coordination to different copper ions The latter possibility will give 
rise to a polymeric network 
The complexes formed upon addition of copper sulfate to aqueous dispersions of 1 weie studied 
both at pH *5 5 and pH 9 S Since addition of coppei sulfate to an aqueous dispeision of a 
surfactant changes the pH of the system thereby influencing the aggregation behaviour of 1 
care had to be taken to set the pH at a distinct value during the aggiegation experiments 
Samples were prepaied by addition of a calculated amount of a copper sulfate solution to a 
dispersion of 1 kept at 70 °C The dispersion was titrated with sulfuric acid oi sodium hydioxyde 
to pH "i 5 or pH 9 "5 respectively and voitexed at 70 °C tor 10 minutes 1 0 
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Efforts weie made to deteimine the stoichiometry of the complexes using UV Vis and ESR 
spectioscopy in order to gain insight in the type of complexes Ιοί med The formation of blue 
complexes was observed when various amounts о I an aqueous coppei sulfate solution were 
added to aqueous dispersions of 1 The lecording of reliable UV Vis spectra was prevented 
howevei by eithei the tuibidity of the suspension or the precipitation of the complex 
Two scries of samples with dilleient Cu( 11 (/surfactant ratios were prepared both at pH='i *i and 
SS 
pH=9 5 for ESR-experiments At both pH's an ESR signal of a Cu(II) ion with axial ligand 
symmetry was observed (Figure 6) The two 2 I surfactant/copper complexes at pH 5 5 and 9 5 
gave identical spectra of which the copper hyperfine splitting could be measured on the g// signal 
(A//=171 G), in spite of the poor resolution, which is probably due to dipolar broadening because 
ot small distances between the paramagnets The unsplit g^ signal (gj_=2 06) was superimposed 
on the two right lines of g// (g//=2 28) Dilution of the copper centers using high 
surtactant/coppei ratios did not improve resolution, and therefore, no definite structure could be 
assigned to the complex 
An additional signal was observed when the imidazole/Cu(H) ratio was lower than 4 in samples 
prepared at pH=5 5 This signal was shown to be due to the presence of free copper sulfate, 
indicating that 1 forms complexes of the type Cu(lmidazole)42+ Increasing the copper sulfate 
concentration caused a further broadening of the lines, suggesting furthermore that the copper-
copper distances in the dispersions decrease. It is remarkable that in samples prepared at pH=9 5, 
no additional signal or loss in resolution was observed at high copper sulfate concentrations 
Since cooidination to copper(II) shifts the IR vibrations of the imidazole group to higher wave 
numbers, it was possible to determine the stoichiometry of the complex with FT-IR ' ' Oriented 
films were prepared from aqueous dispersions of 1 containing different amounts ot copper 
sulfate using the iso-potential spin drying method '-
Metal free samples of 1, prepared at pH=9 5 showed a vibration at 1509 cm ' Upon addition of 
copper(II) sulfate an additional peak appeared at 1522 cm - 1 , the intensity of which was 
proportional to the amount of coordinated imidazole groups Peak areas were determined using 
curve fitting procedures and the ratio ol the peak areas for free imidazole and Cu(II) coordinated 
imidazole was plotted against the Cu(II)/imidazole ratio (Figure 7) When a 4.1 
imidazole/copper ratio was reached further addition of copper sullale did not change the area 
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Figure 8. Freeze /radure electron micrographs of dispersions of 2:1 complexes of 1 and C11SO4 
prepared at (a) pH 5.5 and (b) pH 9.5 . Bars represent 250 nm. 
ratio of the above mentioned absorption peaks, indicating the formation of a complex of the type 
Cu(imidazole)42+. 
When the same routine was performed on samples prepared at pH=5.5, two vibrations for 
imidazole were observed at 1506 c m 1 and 1517 cm - 1, respectively. Addition of copper sulfate 
again caused the appearance of an additional vibration at 1521 c m ' , concomitant with the 
disappearance of the other two vibrations. When the ratio of the peak areas of the vibrations 
assigned to free imidazol and to Cu(II) coordinated imidazole was plotted against the 
Cu(II)/imidazole ratio, no changes were observed after a Cu(II)/imidazole exceeded the ratio of 
1:4 (Figure 7). 
Further evidence for the presence of Cu(imidazole)42+ complexes was obtained by monitoring 
the sulfate vibrations in the 800-1200 cm - 1 region. When the imidazole/copper ratio exceeded 
4:1, the appearance of a strong vibration at 1100 cm - 1 was observed both at pH 5.5 and pH 9.5. 
This vibration could be assigned to free copper sulfate. 
DSC experiments were carried out with a dried 2:1 surfactant/CuSCU complex (ratio Im/Cu = 
4:1) prepared from an aqueous dispersion without pH adjustment. In the temperature range of 
10-170 °C two reversible phase transitions were observed. A sharp transition at 48 °C (ΔΗ=26 
J/g) and a very weak transition at 88 °C (ΔΗ=3 J/g). Polarisation microscopy showed a solid-
solid transition at 45-50 °C and a melting of the complex at 205 °C, but with no indications of 
the presence of a liquid-crystalline phase. 
Aggregation behaviour of the complexes. 
Freeze fracture electron micrographs were taken from the 2:1 surfactant/Cu(H) complexes 
prepared at pH 5.5 and pH 9.5, respectively (Figure 8). In both cases vesicles were observed. 
The diameters of the aggregates ranged from 100-250 nm in the samples prepared at pH=5.5 and 
from 50-200 nm in samples prepared at pH 9.5. Although these vesicles were similar in size, 
DSC measurements revealed a remarkable difference in their phase behaviour: a phase transition 
was observed at 15 °C (ΔΗ=15 J/g) for dispersions prepared at pH 5.5 and at 62 °C (ΔΗ=7 J/g) 
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Figure 9. Schematic lepresentation of the oiientation of the s~mfactant 
molecules m llie bila\ers that cue fanned »hen I is dispersed is aqueous 
с oppei sulfate solutions adjusted to (a) pH 5 5 and (h) pH 9.5. 
tor the dispersions prepared al pH 9.5. From these data the phase transition entropies were 
calculated to be 0.05 J.g-'.K"1 and 0.02 J . g ' . K 1 , respectively, indicating a higher degree of 
hydrocarbon chain packing lor the aggregates formed at pH 5.5 than at pH 9.5. In order to 
investigate the origin of this difference, powder diffraction experiments were performed on the 
respective complexes. 
A bilayer periodicity of 37.3 ± 0.3, calculated from the higher order reflections n=2, 3, and 4, 
was found for the samples prepared at pH=9 5. For these aggregates a symmetric reflection 
corresponding with a devalue of 4.17 A was visible, indicating an intercalated, but non-tilted 
bilayer (Figure 9a).9 Samples prepared at pH=5.5 showed a bilayer periodicity of 32.2 ± 0 1 A. 
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indicating an intercalation ol the hydrocarbon chains. At the highei angle side of the d
s
-
reflection (4.14 A) a broadening was observed suggesting that the molecules had a tilted 
orientation with respect to the bilayer normal 'Figure 9b).4 Such an orientation ol the molecules 
will provide a better filling of the space created by the head group at pH 5.5. and will lead 
consequently to a higher degree о I' hydrocarbon chain packing 
Figure 11. Possible orientations of 1 in monolitici s on a C11SO4 sub-phase adinsted lo pH 5 5, (Л) 
before and (lì) after the phase 11 ansinoli 
Monolayer experiments carried out on 1 spread on a sub-phase of pH=5 5 revealed a transition at 
П=26 mN/m (Figure 10). The molecular areas, both before and after the transition, were 
determined by extrapolation to zero pressure and amounted to 74 A2 and 83 A2, respectively 
This transition to a complex with a higher molecular area is remarkable, but can be explained by 
considering a change in the number of imidazole ligands coordinated to the Cu(II) ions, which 
may occur because the local imidazole concentration incieases upon compression of the 
monolayer. It is proposed that at high areas per molecule i.e. at low local surfactant 
concentrations, a I : I complex of surfactant and copper sulfate is formed, favoured by the fact 
that the imidazole groups in the surfactant molecules are pre-organised (Figure 11a). At lower 
moleculai areas, and thus, at higher local surfactant concentrations, a 2:1 surfactant 1/coppcr 
complex is favoured. This requires, however, equatorial positions for the imidazole groups, 
which means that the plane of the complex must lie flat on the air water interface (Figure 1 lb) 
This orientation will be more space demanding than the orientation of a 1:1 complex, which may 
be located perpendicular to the air water interface A transition of a 1:1 surfaclant/Cu(H) 
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complex perpendicular to the water surface to a 2 I surtactant/Cudl) complex lying flat on the 
surface, will also increase the flexibility or the complex This may explain the appearance of a 
more compressible monolayer at highei surface piessures 
Figure 12 Hotsibli 01 tentations of I in a monola\ei on a CttSOj sub phase adjusted lo pH 9 5 
When solutions of compound 1 were spread on a sub phase containing 1 2 iiiM CUSO4 adjusted 
to pH=9 4 no phase transition was observed This indicates that at this pH-value the type ot 
complex does depend on the local suifactant concentration The molecular area was determined 
by extrapolation of the slope ot the isotherm to zero pressure and amounted to 77 A 2 (Figure 10) 
These data can be explained by the lormation of a complex 111 which the imidazole groups of one 
surfactant molecule coordinate to diffeient copper centies A possible structure lor this complex 
in which both imidazole groups lie flat on the air-water interface is depicted in Figure 12 
Discussion 
When compound 1, in its deprotonated state is dispersed in water, planar bilayers are formed, as 
can be concluded from the electron microscopy experiments The bilayei thickness and area 
occupied by one molecule of 1, determined from the powder diffraction patterns and the 
monolayei isotheims, suggests that the aggregates have a structure in which the imidazole 
groups are oriented parallel to the bilayer normal (Figure 5) These aggiegates crystallize on 
standing to form platelets which display a periodicity ot 30 A This may correspond to either an 
array of head to tail packed monolayers, or to fully intercalated bilayers according to CPK 
models In the latter case a high degree of hydrocarbon chain packing is expected, which is 
consistent with the observed relatively high AS associated with the phase transition of the 
crystallized aggregates 
Dispersion ol 1 in its singly protonated slate (рН=^ 'S) leads to the formation ot vesicles with a 
surprisingly small bilayer thickness, \i: 10 A This result can be explained by assuming a model 
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as depicted in ligure 'Sa The increase in head group size due to prolonation and hydration will 
lead to crowding at the bilayer surface The surfactant molecules will form an intercalated 
bilayer in which the head groups are connected thiough hydrogen bonding to overcome this A 
molecular length oí 27 A and a bilayer thickness of 30 A are estimated from CPK space tilling 
models for this conformation which is in agreement with the experimental results These models 
also predict a molecular area ot approximately 72 A- which is consistent with the value of 71 
A2 derived from the monolayer experiments 
FT IR spectroscopy revealed that in the presence of Cu-+ ions compound 1 forms complexes of 
the type Cu(imidazole)42+ These complexes sell-assemble to give vesicles at both pH=5 5 and 
pH=9 5 The vesicles formed at pH=5 5 contain intercalated bilayers of 2 I surfactant/Cu(II) 
complexes with a tilted orientation The molecular area indicates that in these complexes the two 
surfactant molecules coordinate lo a single copper centre in a bidentate fashion with their 
imidazole groups in equatorial positions at the bilayer water interface (Figure 12b) The 
formation of such a complex allows the complexes to adopt a tilted onentation which would be 
severely restricted when the dnmidazole surfactant would be coordinated to difteient copper 
centers 
The aggregates prepared at pH=9 'S possess a non tilted intercalated bilayer and the coppei ions 
in this bilayer give rise to an ESR signal that is not broadened when the copper concentration is 
increased It may be concluded from the monolayer experiments that a different local surfactant 
concentration does not lead to the formation of dillerent types of complexes These observations 
together with the determined molecular area, aie in accord with a polymeric network in which 
the imidazole groups of one surfactant molecule coordinate to two different coppei ions (Figure 
11) The coordination of four different suifactant molecules to a single copper centre leads to a 
complex of the type Cu(imidazole)42+ in which the imidazole groups cooidinate in equatorial 
positions In this network the metal ions are located at hxed distances and increasing the copper 
sulfate concentration will not change the copper copper distances The dipolar broadening in the 
ESR will not be influenced therefore by different copper concentrations The fixation of the 
imidazole groups will prevent the surfactant molecules from adopting a tilled orientation with 
respect to the bilayer normal 
DSC experiments reveal a highei degree of hydrocarbon chain packing for the complex prepared 
at pH=5 5 as compared to the one prepared at pH=9 5 This is again in good agreement with the 
models presented above vr a tilled 2 1 surfactant-Cu(II) complex at рН=5 5 and a non lilted 
network at pH=9 5 
Summary 
In this chapter it was shown that a single tail dnmidazolyl surfactant 1 can be synthcsised easily 
on a gram scale, from cheap starting materials in a one pot reaction sequence This surfactant 
forms different types of aggregates depending on both the presence of coppei ions and the pH ot 
the dispersions In its deprotonated state 1 forms planar structures whereas protonation leads to 
the formation of vesicles The complexation of copper ions yields a complex with a 
stoichiometry of two surfactant molecules per copper both in dispersions prepared at pH=5 5 
and pH=9 5 The characterisation ot these complexes by the usual methods e ¡> UV Vis and ESR 
spectroscopy encountered some problems nevertheless the stoichiometry of coordination could 
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be determined by using FT-IR-spectroscopy Although the dispersions contain vesicles at both 
pH values, the structure of their bilayers was different: monolayer experiments and ESR data 
suggest a 2 Ί surl'actant/coppei complex for samples prepared at pH=5.5. and lo a two 
dimensional network of copper-bridged surfactant molecules in samples prepared atpH=9.5. 
Experimental section 
1,3-Dibromo-2-propyl octadecanoate, 2. 
100 mmole 1.3-tlibromo 2-propanol'' was dissolved in diy dichloromethane and 95 mmolc stcaioyl 
chloride was added After addition of a catalytic amount of AIO, (5-10 molev^  ) the reaction mixture was 
healed at icflux lor 4 h and than quenched with ice l 4 The aqueous layer was extracted three times with 
dichloromethane and the combined organic layers wcie washed, successively with aqueous I09Í 
NaHCO, solution and water The organic layer was dried (MgSO_i) and the solvent evaporated 
Crystallization ol the product from acetonitnlc gave 2 in 95'/c yield 
'H-NMR (ppm. CDCI,) 5=5.09 (m. IH. CH). 3.58 (d. 4H. CH2Br). 2.31 (t. J=7 5 H/. 2H. C(0)CH2). 
I 56 (m. 3H. C(0)CH2CH2).l 25 (m. 28H CH2(CH2)|4CH,. 0.88 (t. J=6.7 H/. 3H. CH,) 
l-Bromo-3-(l-imidazolyl)-2-propyl octadecanoate, 3 and 3-(l-imidazoIyl)-2-hydroxy-¡-propyl 
octadecanoate, 4. 
A mixture ot 2 (4 6 g. 10 inmole) and imidazole (3 0 g, 44 mmolc) was dissolved in aeeionitnl (50 ml) 
and heated al rellux foi 3 d. Alter evaporation ol the solvent, the reaction mixtuie was dissolved in ethyl 
acetate and washed with лп aqueous lO'/r NaHCO,-solution The organic layer was dried (Mg.S04) and 
alter removal ol the solvent, a crude mixtuie ol 3 and 4 was obtained. Column chromatography 
(Silicagel. methanol/cthyl acetate 1 4. vA ) yielded 3 and 4 in 15r/< and 60 '/<. respectively 3 'H-NMR 
(ppm, CDCh) 5=7 52 (s. IH, 2-ImH). 7 10 (s, IH. 4-ImH). 6 95 (s. IH. 5-ImH) 5 18 (AXX'YY'. IH. 
CH). 4.30 (ΑΧΧΎΥ'. 2H. CH2Im). 3 34 (AXX'YY'. 2H. CH2Br). 2.33 (t. J=7 5 H/. 2H. C(0)CH2). 1.56 
(m. 3H. C(0)CH2CH2).l 25 (m. 28H CH2(CH2)i4CH,), 0.88 (t. J=6 7 H/. 3H. CH,). MS (FAB+ m/z): 
47I.473(M+1)+ 4 Calculated lor C 2 4 H 4 4 N 2 6 , '/2H20- 69.02 <7cC. 10 86 %H. 6.71 <7,N. Found 68 40 
c/rC. 10 88 ЯН. 6 46 %N 'H-NMR (ppm. CDCh)· 5=7 41 (s. IH. 2-ImH). 6 95 (s, 2H. 4-ImH. 5-ImH). 
4 20-3.90 (m. 6H. OH, CH. CH.2lm. CH 2 0) 2.37 (t. J=7.5 Hz, 2H, C(0)CH_2). I 64 (m. 3H. 
C(0)CH2CH2). I 25(m. 28HCH2(CH2)NCH,). 0 88(1. J=6.7 H/. 3H. CH,). nC-NMR (ppm. CDCh) 
5=173.7 (£=0), 127.7 (2-ImC). 120 0 (4-ImC, 5-ImC), 697 (CH). 65.1 (CH2-0). 50 5 (C_H2-lm). 34 I 
(CH2C=0). 31 9 (£H2CH2C=0). 29 7-22 7 (C-alk)l). 14 I (CHt) MS (El. m/7) 408 (M+). 125 (M+-
ОС(0)С]7Нз5). 57(125-lm) 
1-(I-Imidazolyl)-2-(4-nitrobenzoyloxy)·I-propyl octadecanoate, 5. 
4-Nitio ben/oyl chloride ( 102 nig. 0.55 mmole) and 4-(jV,iV-dimethyl)-ammo pyridine (DMAP) ( 10 mg, 
0.08 mmole) wcie added to a solution ol' 4 (285 mg. 0 52 mmole) in dry pyridine (5 ml) The reaction 
mixture was stmed for 16 h and concentrated in \tuuo The mixtuie was dissolved in ethyl acetate and 
washed twice with lO'/r aqueous NaHCO, The organic layei was dried ove: MgS04 and the solvent was 
evaporated undci leduced pressure Recrystalhzation Irom aeetonitnle gave 5 as a light vellow powder in 
80 4 yield 
'H-NMR (ppm. CDCI,) 5=8.31 (d. J=8 0 H/. 2H. 3&5-aromH), 8 15 (d. J=8.0 Hz, 2H. 2&6-aromH), 
7 52 (s. IH. 2-ImH). 7.10 (s. IH. 4-ImH). 6 95 (s. IH. 5-ImH). 5 54 (AXX'YY'. IH. CH). 4.35-4 19 
(AXX'YY'. 4H. CH2Im. CH20). 2,36 (t. J=7 5 Hz, 2H. C(0)CH2). 1.62 (m. 3H, C(0)CH2CH2).l 25 (m, 
28H CH 2(CH 2)| 4CH,). 0 88 (t. J=6 7 Hz. 3H. CH,) nC-NMR (ppm. CDCI,) 5=173 7 (Ç(O)-alkyl) 
163 1 (£(0)-aryl. 151 2 (C-N02), 137.7 (2-lmC). 134 6 (l-aromC). 130 8 (3 & 5 aromC) . 1.30.2 (4-
ImC). 123.7 (2 & 6-aromÇ). I 19.5 (5-lmCj. 71.5 (CH), 63 6 (C_H2-0), 46.7 (ÇH2-Im). 34 0. (ÇH2C=0), 
31 9 (ÇH2CH2C=0). 29 6-22 7 (Ç-alkvl). 14 1 (ÇH,) 
I,3-Di(I-imidazolyl)-2-propyl octadecanoate, 1. 
To a solution of imidazole (2 8 g. 4 1 mmole) in DMF (300 ml) NaH (1 1 g. 4 6 mmole) was added Attei 
siniing al room temperature tor I h the solution was Looled to -15 °C and epibromohydrin (2 6 g. 10 
mmole). dissolved in DMl· (100 ml) was gradually added dining 4 h. The solution was allowed to wann 
to room temperature and stirred for an additional 16 h. A solution ot stearoyl chloride (6.0 g. 0 99 
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nimole) in DMF was added dropwise and the reaction mixture was stnred for 24 h After the DMF was 
evaporated under reduced pressure the reaction mixtuie was dissolved in ethyl acetate and washed 
se\cral limes with 10 7< NaHCOi solution in oider to remove excess imidazole The organic layer was 
dried and concentrated;/; \ aam yielding a while solid Stearic acid was removed using column 
chromatography (Sihcagel bthyl acetate/elhanol/tnelhylamine 69/30/1 \ / \ / \ ) and after crystallization 
I rom ethyì acetate 1 was obtained in 65% yield (mp= 88 " Q Calculated for C27H4hN.|Cb 70 70 Ή ? . 
10 11 Vr H 12 21 r/í N Found 70 67 7cС 10 2 0 % Η I 1 99 '/f N IR (cm ' KBr) v=3IOO (w CH-Im) 
2910 (s CFb) 2840 (s CHi) 1740 (s C=0) 1530 1490 (m Im) MS (EI ml/) 458 (M+) 175 (M+-
O C ( 0 ) C | 7 H ^ ) 107(l25-lm) NMR (ppm CDCh) 5=0 88(1 J=6 7 Hz 3H CH,-) 1 25 (m 28H 
С Н 2 ( С Н 2 ) ы С Н ч 1 56 (m ЗН С ( 0 ) С Н : С Н : ) 2 31(1 J=7 5 Hz 2H С ( 0 ) С Н 2 ) 4 07 (АХХ YY . 
CH
:
N) 5 33 (АХХ YY IH. СН-О) 6 92 (s, IH 5 IiiiH) 7 11 (s IH 4 ImH) 7 47 (s IH 2-ImH) 
Sample preparation 
Copper tree samples were prepared by vorlexing 6 mg (mmole) ol 1 m 2 ml ofwater lor 30 min at 70 °C 
Subsequently the pH was ad|usted lo the desired value using 0 01 M sulphuric acid or 0 01 M aqueous 
sodium hydroxide and the samples were kept al 70 °C tor another 30 minutes Γοι the preparation ot the 
coppei complexes a similai procedure was used Aller \ortexing for 30 mm the desired amount ot an 
aqueous I 0 mM C11SO4 solution was added the pH adjusted and the complex vortcxed al 70 °C tor 30 
min 
Electron microscopy 
Freeze Iractured samples were prepared by bunging a drop ot the dispersion onto a golden microscope 
grid (150 mesh) placed between two copper plates and fixated in supeicooled liquid nitrogen Sample 
holders weie placed in a Balzeis Freeze Tlching System BAF400 D at 10 7 Ton and healed to -105 "C 
Alter fracturing the samples were etched for I mm (ΔΤ=20 °) shaded with Pi (layer thickness 2 nm) 
and co\ered with carbon (layer thickness 20 nm) Replicas were allowed to warm up to room tempera­
ture lelt on 20% chromic acid tor 16 h and rinsed with water Negatively stained samples were prepared 
by bringing a drop ot the dispersion onto a forimar coated copper grid kept at 4 °C Attci 2 min the 
excess ot dispersion was lemoved and the sample was stained with a 27c (w/w) uianyl acetate solution 
After prepaiation the grids were allowed to dry and studied under a Philips ТЬМ 201 micioscopc 
(60kV) 
Polarization Microscopy 
A sample was placed on a glass plate and studied under a Jcneval microscope equipped with a THMS 
600 hotstagc and a Sanyo VHS-videocamera using ciossed polan/ers Heating and cooling runs were 
studied belween 27 and 200 °C 
DSC 
Thermograms weie recorded using a Perkin & Elmer DSC7 instrument Samples were prepared as 
described above Typically 5()μ1 was transferred into a stainless steel large volume pan (75 μΐ) and left 
overnight Atter incubation for 15minat()°C heating runs were recorded trom 0-100 °C 
Powder diffraction 
Samples were prepared in a desiccator by placing a drop of ihe suspension on a silicon single crystal 
Subsequent evacuation caused the Ireezing ot the sample and after sublimation of the ice the sample was 
placed in a Philips PWI7I0 dittractometer equipped with a Cu LFF X ray tube opeiating at 40 kV and 
55 mA Experiments were carried out between 3 and 60° using a step width of 0 005" 
Monolayer experiments 
Isotherms were recorded on a Ihermostated home-built trough (140 χ 210 mm) The surface pressure was 
measuicd using Wilhelmy plates mounted on a Trans Тек transducei (Connecticut USA) On the 
subphase 150 μΐ of a chloroform solution (0 3 0 5 mg/ml) ol the surfactant was spread and allowed to 
evaporate for 10 mm The rale ot compression was 7 0 cm-/min 
EPR spectroscopy 
Aqueous dispersions ot the copper(U) complexes were prepared as described above and cooled in liquid 
nitrogen EPR spectra were recorded at 7±1 К using a Bruker ESR 3(K) spectrometer 
FT-1R spectroscopy 
IR samples were piepaied by deposition of 160 μΐ ol a surfactant dispersion (see sample preparation) as a 
lilm on AgCI windows using the iso-potential spin drying method ' 2 FT IR spectra were measured at 
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ambient températures, using a Mattson Cygnus 100 single beam spectrometer, equipped with a liquid 
nitrogen cooled narrow band MCT detector and interfaced to a microcomputer. The optical bench was 
continuously purged with dry nitrogen gas (20 1/min). Acquisition parameters: Resolution. 4 cm -1; 
number of co-added interferograms. 128: moving mirror speed. 2.53 cm/s: wavenumber range, 4000-750; 
apodization function, triangle. Signal to noise ratios (2000-2200 cm-1) better than 4x10-\ Data acquisition 
and analysis were performed using EXPERT-IR software (Mattson). Baselines were corrected, and peak 
positions were determined using second derivative spectra smoothed over 13 data points. Peak areas were 
determined from baseline corrected spectra, using curve fitting analysis. Curve fitting procedures were 
repeated several times (Initial settings 10% Gauss/ 90% Lorenz: band width 10 cm -1), and the quality of 
the fitted spectra was checked using the residual integrated intensities (R< 0.008 in the region 1550-1490 
cm - 1 ) and by comparing the generated and original spectra after deconvolution (Fourier self 
deconvolution parameters: band width, 10 cm -1: K-factor. 2.0. apodization function. sin(x)/x-; lineshape 
function, Lorenz). 
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Chapter 5 
The synthesis of optically active 
amide-containing surfactants 
Introduction 
Biological membranes have been a subject of intensive study for many years because of their 
complex structure and large variety of functions. In this context the synthesis of phospholipid 
analogues and other surfactant molecules plays an important role since their aggregates can serve 
as models for biomembranes and mimic several of their (unctions. Following the discovery thai 
phospholipid molecules form tubular, rod-like, and even helical structures,1 it has been 
demonstrated that chiral synthetic surfactants can also be used to construct similar 
superstructures. 2 The formation of these types of structures requires a high degree of 
organisation within the aggregate in order to transfer the molecular chirahty to the 
supramolecular level. Interconnecting the surfactant molecules by means of hydrogen bonding or 
Π - Π stacking was shown to be most useful in achieving and stabilising of these highly 
organised aggregates2·1·4. The formation of hydrogen bonded chains of secondary amides, the 
so-called amide polymers, has been utilised particularly successfully.4 
OR R=C(0)C 3 H 7 , C 6 H 5 
R'= C11H23, C17H35 
"
x
 X = Phosphate, Imidazole 
A synthetic pathway for the preparation of amide-containing surfactants was developed in order 
to explore the use of amide functions in the construction of chimi aggregates. The synthesis of a 
series of new chiral surfactant molecules based on the phospholipid skeleton, which have an 
amide linked hydrocarbon chain on the C(2)-position was accomplished (Figure 1). An ester or 
an ether group can be present on the primary position, and a variety of polar head groups can be 
introduced. A chiral synthon to which different hydrocarbon chains and polar head groups can be 
attached is required for the preparation of these lipids In this respect the synthesis of 
phosphopeptides described by Okawa and co-workers is of interest.5·6 These authors used the 
chemistry of azindines to introduce both the amide and phosphate moiety in successive steps 
(Scheme 1). The acylation of an aziridme function served both as a peptide coupling reaction 
and as an activation step for the introduction of the phosphate group by opening of the azindine 
ring. This particular reaction offers prospects for the synthesis of amide-containing surfactants 
Starting from a suitable azindine, only two reaction steps would suffice in principle, for the 
introduction of both a hydrocarbon chain and a (protected) head group as depicted in Scheme 2 
in a retrosynthetic manner. 
R ' _ L N _ 
H 
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Scheme 1 
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An effective procedure for the synthesis of chiral azindines has been developed, starting trom 
the corresponding epoxides (Scheme 3 ) 7 s 9 In this process the nucleophilic ring opening of the 
epoxide results in a regioisomenc mixture of two azido alcohols This mixture can be 
translormed into only one stereoisomer ol the azindine, however, by reaction with 
tnphenylphosphme In this so-called Staudinger reaction1 0, both azido alcohols react with 
tnphenylphosphine with concomitant extrusion of nitrogen to form a regioisomenc mixture of 
phospha70 compounds Intramolecular addition of the hydroxyl group leads to the formation of 
oxazaphospholidines, which, in some cases, can be isolated and characterised " Thermal 
cleavage of the Ρ N bond leads to the intramolecular substitution of the tnphenylphosphine 
oxide group, resulting in the formation of an azindine The stereochemistry at either carbon atom 
in the azindine ring is inverted compared with the starting epoxide In the first nucleophilic 
epoxide ring opening inversion of the stcreogenic centre takes place either at C(l) or C(2), 
depending on the site of attack (Scheme 3) The second inversion occurs at the carbon atom, 
which was not involved previously, when the РІцРО group is displaced during the Staudinger 
reaction 
In the next section the synthesis of some chiral surfactants will be described on the basis of the 
azindine synthesis described above 
Synthesis of Л'-alkanoyl aziridines 
The designed route for the synthesis of surfactants, as depicted in Scheme 2, was attempted 
starting from glycidyl derivatives 1 (Scheme 4) The ring opening using sodium azide in 2-
methoxyethanol/water12 gave a mixture of the two regioisomenc a/idoalcohols in 77 92 % 
Scheme 2 
0 
R - - " - N -
H 
p O R 
- X 
r O R o 
b^R' 
p O R p O R 
to 
R = Acyl Alkyl R'= Alkyl X = Polar head group 
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yield. Although procedures have been described in the literature for the regioselective ring 
opening of oxiranes using Lewis acids fTi(0-/-Pr)4 or Al(0- / -Prh] and Me3SiN-)n or 
L1N3/HMPA1"1 , no attempts were made to improve the regioseleclivity, since both regioisomers 
ultimately lead to the same enantiomer of the corresponding aziridine 4. The distilled mixture of 
azido alcohols was converted into the aziridine using triphenylphosphine in acetonitrile. When 
the reaction was carried out on a gram scale, the azindines 4 could be isolated in 55-75% yield 
When it was attempted on larger quantities, the yield of isolated product decreased drastically, 
probably due to decomposition of the product during chromatography. Attempts to improve the 
yield of the reaction on a multigram scale, vi: by distillation of the reaction mixture or acid-base 
extraction, were not successful 
The S-(-)a7Ìridmes 4 1 5 obtained were acylated using different fatty acid chlorides in 
dichloromcthane with triethylamine as the base. After column chromatography and 
crystallization from ethyl acetate, the acylated aziridines 5 were isolated as white solids in 
almost quantitative yields. 
Ring opening of iV-acyl aziridines with dibenzyl phosphate 
Okawa and co-workers5 reported the synthesis of phosphopeptides by ring opening of acylated 
aziridines using either dibenzyl phosphate or phosphoric acid as the reagent (Scheme 1). Both 
the direct route, using 85% phosphoric acid, and the route employing dibenzyl phosphate, led to 
the respective products in good yields (64-92%). Since aziridine 5 does not dissolve in water, a 
modified procedure was used for its direct phosphorylation. Crystalline phosphoric acid was 
added to a solution of 5 in dichloromethane and the reaction mixture was then stirred for one 
hour at -5 "C. This reaction resulted in a mixture of products which could not be separated by 
column chromatography due to their amphiphilic character. In an other attempt dibenzyl 
phosphate was used for the ring opening of the activated aziridine. When dibenzyl phosphate 
was added to a solution of 5 in dichloromethane a mixture of two products was obtained 
(Scheme 5). Both compounds were isolated using column chromatography and identified as the 
two regio isomers 6 and 7, which arise from nucleophilic attack on either (a) the primary C( I), or 
(b) the secondary C(2) carbon atom. The ratio of 6 and 7 amounted to 1.1. 
Scheme 5 
R O n / 0 
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Dilferent reaction temperatuics weie used with the aim of improving the regioselectivity of the 
ring opening It was found that product ratio could be changed from 6 7 = l 1 al room 
temperature to 6 7 = 6 1 at 15 UC At temperatures lower than -30 °C no reaction took place 
After column chromatography the two regioisomers could always be isolated in pure form in a 
combined yield of 70-80% 
Surprisingly, it was found that butyrale derivatives 6b,с after storage for several weeks, 
partially rearranged to give 7b,c (Scheme 5, path (c)), whereas pure 6a did not show any change 
during this period The product isolated after the rearrangement showed the same optical rotation 
as the one obtained initially from the phosphorylation reaction Application of longer reaction 
times or temperatures higher than room temperature did not change the product ratio, indicating 
that under the conditions of phosphorylation no reairangement takes place 
This rearrangement of 6b,c into 7b,c, alter their isolation, can be avoided by immediate removal 
of the benzyl groups by catalytic hydrogénation, and subsequent conversion into the respective 
disodium salts 8b,c (Scheme 6) Compound 8a and compounds 9 were obtained from 6a and 7, 
respectively, in an analogous manner 
Mechanistic aspects of the rearrangement of α-acylamino phosphate triesters 
The rearrangement in a-acylamino phosphate tnesters 6b,c into 7b,c, described in the preceding 
section has no precedent in the literature It is important to note that no by-products of any sort 
were observed during this ι earrangement That the phenoxy derivative 6a does not show this 
group exchange reaction is rele\ant for the mechanism The findings suggest that a neighbouring 
group participation of the butyrate ester group may be in\olved in the rearrangement However, 
a nucleophilic displacement of the amido group by intramolecular attack of the ester carbonyl 
group either in an Sryl or SN2 fashion should lead to the formation of a dioxolemum ion and as 
a consequence a product resulting from a shift of the butyrate to the C(2) carbon atom may be 
expected No such a product was observed which makes the above proposal less likely A 
dilferent role for the ester should therefore be considered The following proposal for the 
rearrangement could account for the observations It is assumed that the ester carbonyl group 
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6b,c 
forms an intramolecular bond with the amide hydrogen (Scheme 7) In this mannei the 
nucleophilicity of the amide nitrogen will be enhanced and a displacement ot the dibenzyl 
phosphate anion is now feasible \ia the formation ot an intermediate azindinc ring Subsequent 
ring opening of this three membered ring by the dibenzyl phosphate anion which is still 
favourable, then leads to the observed reanangemcnl products 7b,c 
The phosphorylation of 5 is carried out undei acidic conditions since a twofold excess of 
dibenzyl phosphate is used This is in agreement with the pioposed mechanism because 
inteimolecular protonation of the ester caibonyl will prevent the formation ot hydrogen bonds 
and accordingly the rearrangement 
In order to substantiate the role ot hydrogen bonding FT-IR spectra were recorded of a 
chloroform solution of 6b This revealed the presence of two ester carbonyl vibrations at 1744 
and 1729 cm ' the formel is typical foi a tiee ester function, and the latter is indicative of a 
hydrogen bonded ester caibonyl 
Fuithermore the appearance of the amide I vibration at relatively high wavenumbers (1681 
cm ') indicates the presence of an electron-rich amide group, suppoiting the increased 
nucleophihc character of the nitrogen atom The FT IR spectia ot 6a showed the amide I 
vibration at high wavenumbers (1681 cm ' ) , however in addition a splitting of the P = 0 
vibration was also observed indicating the existence of a hydrogen bond between the Ν H of the 
amide and the P=0 of the phosphate group The formation of such a hydrogen bond would again 
enhance the nucleophihc character ot the amide nitrogen atom Attack on the pnmary carbon 
atom bearing the phosphate group is not possible due to the induced s\n orientation ot the 
phosphate with respect to the amide and no rearrangement takes place (Scheme 7) 
Ring opening ofу -acyl a/iridines with imidazole 
The nucleophihc ring opening ot an acylated azindine by imidazole was first carried out by 
using sodium imidazolate (Scheme 8) When racemic 5a was leacted with sodium imidazolate in 
DM F at 80 °C for two days, TLC analysis of the mixture showed the lormation ot several 
products When 5b was sub|ected to the same conditions similar results weie obtained In both 
cases 10 could be obtained in 12-lV/í yield after column chiomatography 
^—N b- О 
R
 H
 0'.PN OBn 
ò+ OBn 
6a 
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In spilt, ot the pooi nucleophiliuly ol imidazole І 6 the use ot this agent without the addition of a 
base was considered When a ring opening reaction takes place it should proceed via the dipolar 
transition state 11 (Scheme 9) The lormaiion of such a transition stale will cause the solvent 
molecules to align their dipoles in a mannei that electronically compensates the separation of 
charges This will lead to a higher degree of organisation and hence to a contiaction ot the 
volume of the reaction mixture This negative volume of activation offers possibilities for the use 
of high piessure in accelerating pioduct formation l 7 A series ol lest expenments was perfoimed 
using solutions of equimolar amounts of 5c and imidazole in different solvents at 12 kBai l x It 
was found that the reaction in chloroform showed the highest degree ol conveision However 
even after 48 hours only 50'7<- of the starting material had been consumed The icaction was still 
incomplete after tour days at 50 °C It was leasoncd that at high pressures one ol the reagents 
may crystallize out from chlorofoini and cannot therefore take part in the reaction The use of 
highei imidazole concentrations improved the rate of conversion whereas the use ot higher 
concentrations ot 5c did not From these observations it was concluded that the precipitation of 
azindine 5c limited the progress ot the reaction When the leaction was carried out with two 
equivalents of imidazole in chloroform at 12 kBai and 55 °C for two days the complete 
conversion ot 5b,с into the desìi ed ìmidazolyl suitactant 10 was accomplished without the 
Scheme 9 
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formation of any by-producis Column chromatography of the depressiliised reaction mixture 
resulted in the isolation of 10 in 30-50% yield | Ч 
Concluding remarks 
The lesults described in this chapter show that optically active azmdines can be used as a basic 
unit for the synthesis ot seveial enantiopure amide containing surlactants Acylation of the 
az ind ines is a convenient method tor both the activation of the az indine ring and the 
introduction of the hydiocarbon chain The regioseleclivity ol the ring opening reactions using 
dibenzyl phosphate was found to be satisfactory when low leaction temperatures were applied, 
and even comple te when imidazole was used The fact that both regioisomers of the 
phospholipid analogues could be obtained, extends the possibility to study the telation between 
molecular stiucture and the expression of chirahty on the supiamolccular level in two closely 
related s u b s t i a t e s 2 0 A study of the aggregation behavioui of the chiral surfactants descnbed 
above will be presented in the following chapters 
In the course of the synthesis of these phospholipids an unpiecedcnled rean jngemeni of cx-
acylamino phosphotiiesters was obseived A mechanism foi this group exchange reaction was 
pioposed based on the compared reactivities of related compounds and FT-IR spectroscopic 
data. 
Experimental section 
(R,S) l-Azido-3-phenoxy-propan-2-ol, (R,S)-2a; (R,S) 2-Azido-3-phenoxy-propan-l-ol, (R,S)-3a. 
To a solution ol {R,S) phcnoxvmelliyl oxuane l a 1 4 ( 1 0 0 g 66 7 minóle) in ПО ml 
melhoxyethanol/water ( 10/3, v/v), sodium azide (8 67 g, I 33 mmolc) and ammonium sulfate (10 7 g, 80 
mmole) were added After stirring the mixture for 16 h water (SO ml) and diethyl elher (90 ml) weic 
added The layéis were separated and the water layer was extracted with diethyl ethci (2x^0 ml) The 
combined organic layéis were washed wilh brine and dried over N . I T S O J After evaporation of the 
solvent and distillation under reduced pressure a colourless oil was obtained in 92% vield (bp 107 "C 
0 04 mm Hg) From GLC the ratio of 2a and 3a was determined to be 7 7 1 IR (ССЦ cm ' ) ν 3440 
(OH) 3040 (Г-Н aryl) 2920 (C-Η alkyl) 2860 (C Η alkyl) 2100 (N-,) 1480 (C=C aryl) 'H-NMR 
(CDCh ppm) 2a δ 1 98 (s IH OH) 3 46 (d 2H CHiN:, J=5 1 Hz) 4 03(m 2H CH
:
OPh). 4 13 (m 
IH СНОН) 6 76-7 37 011 5Н, АгН) За δ 1 98 (s IH ОН) 2 77 (d 2Н, CH 2 OH, J=5 2 Hz) 4 03(m 
2H CH 2OPh) 4 57 (m IH CHN^) 6 76-7 37 (m 5H АгН) 
(2R) l-Azido-3-pheiwxy-propan-2-ol, (R)-2b, (2S) 2-Azido -3-pheiwxy-propan-l-ol, (S)-3b. 
A mixture ol (/?)-2a and (S)-3a was synlhesised starting fiom (R) la using the same procedure as 
described toi compounds (R,S)-2a and (W,S)-3a A colourless oil was obtained in 86'7r yield The 
spectroscopic data obtained from the mixture of (Я)-2а and (S) 3a were identical to those obtained trom 
(R,S) 2a and (/f,.S')-3a 
(2R)-1-Aztdo-2-hydroxy-prop-l-ylbutanoate, 2b; (2S)-2-Azido 3-hydroxy-prop-l-yl butanoate, 3b. 
A mixture of 2b and 3b was synthesised starting from (2R)-(-) glycidyl butyrate (|ге1о2 0 =-26 3 ° 
(CHCh c = l 0)) using the same procedure as described lor compounds 2a and 3a After distillation a 
colouiless oil was obtained in ll'7c yield (bp 82 "C. 0 05 mm Hg) IR (CC14 cm ') ν 3440 (OH) 2920 
(C Η alkyl) 21 10 (NO 1725 (C=0) MS (Cl + ml? ) 188 (M+l) 170 ( I8<7r),145 (W) ' H - N M R 
(CDCLn ppm) 2b δ 0 97(t 3H C H , J=7 4 Hz) 1 67 (m 2H CTbCHO 2 69(s IH OH) 2 34(1 2H 
C ( 0 ) C H
:
 J=7 4 H z ) 3 38 (in 2H CH 2 OC(0)) 4 07(m IH CHOH) 4 17(m 2H CbbNi) 3b δ 0 96 
72 
(t. ЗН. СШ, J=7 4 Hz). 1.67 (m. 2Н, СЬЬСН,). 1 80 (s. IH. ОН). 2.44 (t.. 2Н. С(0)СН 2 J=7 4 Η/). 3.51 
(d. 2H. CH 2OH. J=5 4 Η/). 3 77 (d. 2Η. СН 2 ОС(0). J=4 9 Η/). 5 02 (m. IH. CHNj) 
(R,S) 2-phenoxymethyl aziridine, (R,S)-4a. 
A mixture o( (R,S)-2n and (R,S)-3a (5 8 g. 30 5 mmolc) was added lo a solution of tiiphenylphosphine 
(8 4 g. 32 I mmolc) in aeetonilnle (150 mi). The icaclion mixture was stirred until nitrogen evolution had 
ceased and subsequently heated under reflux for 6 h Attei remo\al of the sohenl undei leduced pressure 
the mixture was dissolved in hexane/elhyl acetate (1/1. v/v) from which mphcnylphosphine oxide 
crystalh/ed Column chromatography (silica, methanol/ethyl acetate = 5/95. vA ) yielded the pure 
azuidine in 55% yield IR (ССЦ. cm"1), ν 3300 (N-H). 3050 (C-Η aryl). 2950 (C-Η alkyl). 1590 (C=C 
aryl) MS (ΓΙ+. m/z )· 299 (2*M+1), 150 (M+l) . 133 (26%). 105 ( 1 1 * ) . 94 (13%), 77 (5%) 'H-NMR 
(CDCh.ppm). 5 0 7 ( s . IH. NH). 1 64 (d. IH CH 2 NH. J=3 4 Hz). 1 93 (d. IH CFbNH. J=6 0 Hz). 2 46 
(m.lH, CHNH). 3 80-4 27 (m. 2H. CTbOPh). 6 84-7 38 (m. 5H, ArH) 
(2S)-(+)-2-phenoxymethyI aziridine, <S)-4a. 
Compound (S)-4a was synthesiscd starting Irom a mixtuie of (R)-2a and (S)-3a using the same 
procedure as described for compound (W,,S')-4a. A colourless oil was obtained in 45% yield 
( | α | ρ - ϋ = + 5 63 °. СНСЦ, ( = 1 0) The spectroscopic data obtained for (S)-4a were identical to those 
obtained for (R,S)-4a 
Aziridine-2-yl methyl butanoate, 4b. 
Compound 4b was synthesised starting from a mixture of 2b and 3b using the same procedure as 
described lor compound (Ä,S)-4a A colourless oil was obtained in 64% yield ([α]ο- ( )=+9 6 °. CHCh, 
( = 10) IR (ССЦ, c m 1 ) ν 3285 (N-H), 1735 (C=0) 'H-NMR (CDCh, ppm). δ 1 0 (t. 3H, Œ h , J=7 4 
Hz). О 9-1.0 (br s. 1 H. NH). 1 5-2 0 (m. 4H. О С ( 0 ) С Н 2 С Н 2 . CH 2 NH). 2 2-2 5 ( т . З Н . ОС(0)СН_2. 
CHNH). 3.9 (АА'Х. IH. С Н 2 0 ) . 4.2 (АЛ'Х, IH, С Н 2 0 ) 
(2S)-(-)-l-Octadecanoyl-(2-phenoxymethyl)-aziridine, 5а. 
At -10°С a solution of stearoyl chloride(3.25 g. К) 7 mmole) in dichloromethane (100 ml) was added to 
a solution ot (S)-4a ( I 60 g. 10 7 mmolc) and tnethylamine (1 91 g. 18 8 mmole) in dichloromethane 
(100 ml) Alter 3 h the reaction mixture was washed with 10% (w/w ) aqueous citric acid and the organic-
layer was dned over MgSOa Evaporation of the solvent under reduced pressure and crystallization from 
ethyl acetate gave 5a as a white solid in 97% yield (mp 61 "C, [a]D-°=-25.5 °) Calculated for 
C 2 7 H 4 s ;N0 2 78 ()2'/r С 10 91% H. 3 37'/г N Found 77 34% С. К) 92% Η. 3 21% N IR (ССЦ. сиг 1 ), ν 
3060 (C-Η aryl), 2905 (C-Η alkyl). 2840 (C-Η alkyl), 1630 (NC=0). 1600 (C=C aryl) MS(CI+. m/z ) 
416 (M+l), 322 (40%), 267 (44%); 150(15%) 'H-NMR (CDCh, ppm) δ 0 88 (t,3H, CH3 J= 6.8 Hz), 
1 25 ( т . 28H. С Н з ( С Н _ 2 ) і 4 С Н 2 С Н 2 С ( 0 ) ) . I 65 ( т . 2H. С Н з ( С Н 2 ) і 4 С Н 2 С Н 2 ) . 2 22 (d. IH. 
HCHNC(O). J= 3 3 Hz). 2 43 (t. 2H, C H 3 ( C H 2 ) | 4 C H 2 C H 2 C ( 0 ) . J= 7 6 Hz). 2 46 (m. IH. HCHNC(O)). 
2.85 (m. IH, C H N C ( 0 ) C H 2 ) , 4.02 (dd, J=6 I Hz, IH, HCHÜC(O), J= 10 4 Hz). 4 13 (dd. IH. 
HCHOC(O). J= 10 4 Hz. J=4 3 Hz). 6 91 (d. 2H. o-ArH. J=8 2 Hz). 6 98 (t. IH.p-AiH. J=7 3 Hz). 7.27 
(dd. 2H, от-АгН, J=21 7 Hz. J=8 2 Hz) 
(2S)-(-)-2-(Butyryloxymethyl)-l-dodecanoyl-aziridine, 5b. 
Compound 5b was synthesiscd starting from 4b and lauroyl chloride, using the same procedure as 
described lor the synthesis ol compound 5a A white solid was obtained in 95% yield (mp 30 °C, 
l a ] D 2 ( l =-2l 7 °. CHCh. t = l 1) Calculated lor С , 9 Н ^ С ц 70 11% С, 1084% H. 4 30% N Found 
70 08% С. 1091% H.4.17%N IR (ССЦ. cm"1) ν 2905 (C-Η alkyl). 2840 (C-Η alkyl). 1735 (0-C=0) . 
I62()(N-C=0) MS(CI+, m/z ) 326 (M+l); 254 (4%), 170(11%). 'H-NMR (CDCI3. ppm)· δ 0 88 (t. 
3H. C H 3 ( C H 2 ) g C H 2 C H 2 C ( 0 ) . J= 6 8 Hz) . 0.97 (t. 3H. C H 3 C H 2 C H 2 C ( 0 ) 0 . J= 7.4 Hz). 1 25 ( т . 16H. 
С Н 3 ( С Н 2 ) 8 С Н 2 С Н 2 С ( 0 ) ) . 1 65 ( т . 2H. С Н з ( С Н 2 ) 8 С Н 2 С Н 2 ) . 1.68 ( т . 2H. С Н 3 С Н 2 С Н 2 С ( 0 ) 0 ) . 
2 11 (d, IH, H C H N C ( 0 ) C H 2 . J=3 3 Hz), 2.34 (t 2H. C H 3 ( C H 2 ) ] 4 C H 2 C H 2 C ( 0 ) . J= 7 6 Hz). 2.41 (d. 
73 
IH. HCHNC(O). J=5.8 Hz) , 2.41 (t 2H. CH3CH2CH2C(0). J= 5 3 Hz). 2 70 (m. IH. CHNC(O). 3 99 
(dd. ÌH.HCHOC(O). J= 11.8 Hz. 6.6 Hz). 4 29 (dd. IH. HCHOC(O). J= 1 1.8 Hz. J=4 4 Hz) 
(2S)-(-)-2-(Butyryloxymethyl)-I-octadecanoyl-aziridine, 5c. 
Compound Se was synthcsised starting from 4c using ihe same procedure as described for the synthesis 
of compound 5a A white solid was obtained in 94* yield (mp 53 5 °C, [α]ο20=-30.4 ü. CHCh. ( = 1.0). 
Calculated tor C25H47NO1) 73.307- C, I 1 56* H, 3.42* N. Found 72 99% C, I I 4 8 * H, 3 417c N. 
MS(FB+, m/z ): 410 (M+l), 818 (2*M). IR (CCI4, cm1), ν 2905 (C-Η alkyl), 2840 (C-Η alkyl): 1735 
(0-C=0) : 1620 (N-C=0). 'H-NMR (CDCI3. ppm) δ 0 88 (t, J= 6.8 Hz. 3H. 
C H 3 ( C H 2 ) | 4 C H 2 C H 2 C ( 0 ) ) . 0.97 (t. ЗН. С Н 3 С Н 2 С Н 2 С ( 0 ) 0 , J= 7.4 Hz), 1.25 (m. 28H, 
CH 3(CH 2)i 4CH 2CH 2C(0)). 1.65 (m. 2H, CH 3 (CH 2 ) | 4 CH 2 CH 2 ). 1.68 (m. 2H, CH3CH2CH2C(0) ). 
2 1 I (d. IH. HCHNC(O). J= 3 3 Hz). 2 34 (t. 2H, CH 3 (CH 2 ) 1 4 CH 2 CH 2 C(0), J= 7 6 Hz). 2.41 (d, IH. 
HCHNC(O), J=5.8 Hz). 2 41 (t, 2H. CH 2C(0)0, J= 5.3 Hz), 2.70 (m, IH, CHNC(O)), 3 99 (dd, IH. 
CHiO, J= 11.8 Hz. 6.6 H/). 4.29 (dd. IH. CH 2 0, J= 11 8 Hz, 4 4 Hz) 
Dibenzyl (2S)-3-phenoxy-2-octadecanoylamino-propan-l-ylphosphate, 6a; Dibenzyl (2R)-3-phenoxy-
1-octadecanoylamino-propan-l-yl phophate, 7a. 
At room tempeiature a solution of dibenzyl phosphate (325 mg. 1.17 mmole) in dichloromethane was 
added 10 a solution of 5a (405 mg. 0 98 mmole) in dichloromethane (50 ml). After 2.5 hrs the reaction 
mixture was washed using saturated aqueous NaHCO-5 and the layers were separated The organic layer 
was dried over Na2SC>4 and concenlrated under reduced pressure The mixture ot 6a and 7a was obtained 
as a white solid in a total yield ol 84*. The two rcgioisomers were separated using flash column 
chromatography (silica, ethyl acetate/hexane =3.2, v/v). compounds 6a and 7a were isolated in 4 3 * 
(Rr=0.35; [a]D20=-23 4 ". CHCh. < = 1 0) and 29* (R,-=() 26; mp 44 °C. [alD 2 0=+24 5U, CHCh, ( = 10) 
yield, respectively When the reaction was carried out al -15 °C, 6a and 7b were isolated in 70* and 15* 
yield, respectively. 6a. Calculaled tor C4 |H6oN06P.CftH|4: 72.37* C, 9 56* H. I 8 0 * N; found: 
71.57* C. 9 6 9 * H, I 7 1 * N. IR (CCI4, cm 1 ) ν 3015 (C-Η aryl), 2925 (C-Η alkyl), 2850 (C-Η alkyl): 
I675(N-C=0), 1240 (Ρ=ϋ). MS(CI+, m/z ): 694 (M+l): 416 (46%) 'H-NMR (CDCI3. ppm) δ 0 88 (t, 
3H. CH 3(CH 2) |4CH 2CH 2C(0). J= 6.8 H/), 1.29 (m, 28H, CH 3 (CH 2 ) 1 4 CH 2 CH 2 C(0)), 1.72 (m, 2H, 
C H 3 ( C H 2 ) | 4 C H 2 C H 2 ). 2 14(1, 2H, C H 3 ( C H 2 ) | 4 C H 2 C H 2 C ( 0 ) , J= 7 6 Hz), 3 96-4 34 (m. 4H, 
CH 2OP0 3Bzl 2 & CH2OPh). 4 42 (m. 1H. CHNC(0)CH2). 5 02 (d, 4H, OCH2Bzl. J= 8.6 Hz). 6 22 (d 
IH, NH, J=7.8Hz,). 6 80-6 97 (m. 5H, OPh-H), 7 32 (br.s , 10H, Bzl-H). 7a: IR (CCI4, cm') ν 3015 
(C-Η aryl), 2925 (C-Η alkyl), 2850 (C-Η alkyl). 1675 (N-C=0). 1240 (P=0) MS(CI+, m/z ): 694 (M+l); 
416(40*). 'H-NMR(CDCI3. ppm) δ 0 88 (t. ЗН. CH 3 (CH 2 ) i 4 CH 2 CH 2 C(0). J= 6 8 Hz). 1 17 (m. 
28H, C H 3 ( C H 2 ) 1 4 C H 2 C H 2 C ( 0 ) ) , 1.80 (m, 2H, C H 3 ( C H 2 ) 1 4 CH_ 2 CH 2 ), 2.09 (t, 2H, 
CH 3 (CH 2 ) 1 4 CH 2 CH 2 C(0), J= 7 6 Hz) 4.42 (m, 2H, CH2NC(0)CH2) 4.04 (d, 2H. CHiOPh, 5.0 Hz), 
4.66-4 83 (m. 1H.CHOP). 5.04 (d, 4H. OCH2B/l. J= 8 4 Hz). 6 31 (t, IH. NH. J= 5 3 Hz). 6 80-6.97 (m. 
5H, OPh-H), 7 27 (br s., 10H, Bzl-H) 
Dibenzyl (2S)-3-Butyryloxy-2-dodecanoylamino-propan-ï-yl phosphate, 6b; Dibenzyl (2R)-3-
Butyryloxy-1-dodecanoylamino-propan-l-yl phosphate, 7b. 
Compounds 6b and 7b were synlhesised starting from 5b using the same procedure as described for 
compounds 6a and 7a The mixture was obtained as a colourless oil in a total yield of 81 * . After column 
chromatography (silica, ethyl acetate/ hexanc=3'l. v/v) 6b and 7b were isolated in 35* (Rt=0.37; 
[aJD2U=-4 2 °, CHCh, ( = 10) and 36* (Rr=() 31, [a]D20=+l Io, CHCh, с = 1 0) yield, respectivily When 
the reaction was carried out at -15 °C. 6b and 7b were isolated in 7 1 * and 13* yield, respectively 6b: 
Calculated tor C^HjoChNP 2H 20 61.957 C. 8 517- H. 2 19* N. found 62.03* C. 8 56* H. 2 19* 
N. IR (CCI4. env1): ν 3300 (N-H). 3100-3000 (C-Η aryl). 2950 (C-Η alkyl). 2850 (C-Η alkyl), 1740 
(OC=0). 1680 (NC=0), 1260 (P=0). MS(CI+. m/z ): 326 (M-OPO(OBzl)2). 277 (67r). 254 (12*), 238 
74 
(13% ), 198 (4190 'H-NMR (CDCI3, ppm): δ 0 88 (t, 3H. СНз(СН2)8СН2СН2С(0). J= 7 0 HO. 0 92 (. 
3H. CH 3 CH2CH 2 C(0)t. J=7 4 Hz). 1.25 (m. 16H. C H 3 ( C H 2 ) 8 C H 2 C H 2 C ( 0 ) ) . 1 59 (m. 4H. 
CH3(CH2)8CH.2CH2 C(O). CH 3 CH 2 CH 2 C(O)). 2 07 (t. 2H. CH 3CH 2CH 2C(0) . J= 7 6 H7). 2 24 (. 
2H, CH 3(CH 2) 8CH 2CH 2C(0)t. J= 7 6 H7), 1 97-4.14 (m. 4H. CH2OC(0), CH2OPChBzl2). 4.35-4 36 
(m. IH. CHNC(0)CH2). 4 98-5 02 . (m. 4H. OCH2Bzl). 6 07 (d, 1H.NH. J= 8 3 Hz). 7 35 (m. 10H. B/l-
H) 7b IR (CCI4. cm '). ν 3300 (N-H). 3100-3000 (C-Η aryl). 2950 (C-Η alkyl), 2850 (C-Η alkyl), 1740 
(OC=ü). 1680 (NC=0). 1260(P=O) MS(CI+. m/z ) 326 (M-OPO(OBzl)2). 277 (16'/r). 254 ( 13%). 240 
(1590. 198(70%) 'H-NMR (CDCI3. ppm)· δ 0 88 (t. 3H. CH 3(CH 2) 8CH 2CH 2C(0). J= 7 0 Hz). 0 92 
(t, 3H, C H 3 C H 2 C H 2 C ( 0 ) J=7 4 Hz). 1.29 (m, 16H. C H 3 ( C H 2 ) 8 C H 2 C H 2 C ( 0 ) ) , 1 63 (m. 4H, 
CH 3 (CH 2 ) 8 CH 2 CH 2 C(O). CH 3 CH 2 CH 2 C(O)). 2.07 (t. 2H. CH 3CH 2CH 2C(0). J= 7 6 Hz). 2 22 (t. 
2H. CH 3 (CH 2 ) 8 CH 2 CH 2 C(0), J=7 6 Hz), 3 31-3 38 (m. IH. HCHNC(0)CH2).3.56-3 62 (m, 1 H. 
HCH_NC(0)CH2). 4 08-4.20 (m, 2H. CH2OC(0)). 4 59-4 53(m. IH. CHOPChBzb). 5.03 (dz. 4H, 
OCH2Bzl. J=8 7 H), 6 33 (t. IH. NH. J= 5 3 Hz). 7 35 (m. I0H. Bzl-H) 
Dibenzyl (2S)-3-Butyryloxy-2-octadecanoylamino-propan-l-yl phosphate, 6c; Dibenzyl (2R)-3-
Butyryloxy-l-octadecanoylamino-propan-l-yl phophate, 7c. 
Compounds 6c and 7c were synthesized starting from Sc using the same proccduie as described for 
compounds 6a and 7a A colourless oil was obtained in 90% total yield Alter column chromatography 
(silica, ethyl acetate/ hexane=3 I. v/v) 6c and 7c were isolated as colourless oils in 45% (Rf=0 42, 
[alD 2 0=-5 2 ", CHCh, c = l 0) and 44% (Rt=0 32, [ a b 2 u = + l 2". СНСЦ, c = l 0) yield, respectively 
When the reaction was carried out at -15 "C, 6c and 7c were isolated in 79% and 14% yield, respectively 
6c Calculated tor C
w
H 6 2 N 0 7 P 68.1091 C, 9 08% H. 2.04% N. found 67.77% C. 9 48% H. 2.08% N 
IR (CCI4, cm-1) ν 3300 (N-H), 3100-3000 (C-Η aryl). 2905 (C-Η alkyl). 2840 (C-Η alkyl). 1735 (O-
C=0). 1675 (N-C=0). 1260 (P=0) MS(FAB+. m/z ) 710 (M+Na+): 688 (M+l ). 410 (100%).'H-NMR 
(CDCI3, ppm) δ 0.88 (t. ЗН, СНз(СН 2) 1 4СН 2СН 2С(0), J= 7 0 Hz), 0 92 (t,3H. СН.зСН2СН2С(0), 
J=7 4 Hz), I 25 (m, 28H, СН 3 (СН 2 ) І 4 СН 2 СН 2 С(0)) , I 59 (m, 4H. С Н з ( С Н 2 ) 1 4 С Н 2 С Н 2 C(O), 
C H 3 C H _ 2 C H 2 C(O)), 2 07 (t. 2H, CH3C H 2 C H_2C(0) , J= 7 6Hz), 2 24 (t. 2H. 
CH3(CH2)1 4CH2CH2C(0),J=7.6 H/). 3 97-4 14 (m, 4H. CH2OC(0), CH^OPdBzb), 4 35-4 36 (m, 
IH, CHNC(0)CH2). 4.98-5 02 . (m. 4H, OCH2Bzl). 6 07 (d. IH. NH, J= 8.3 Hz). 7 35 (m. 10H. Bzl-H) 
7c IR (CCI4, cm"1»: ν 3300 (N-H), 3100-3000 (C-Η aryl), 2950 (C-Η alkyl), 2850 (C-Η alkyl), 1740 
(OC=0), 1680 (NC=0). 1260 (P=0). MS(CI+. m/z ). 7I0(M+Na+): 688(M+1). 410 (100%) 'H-NMR 
(CDC13. ρριη)·δ 0.88 (tz. 3H. CH3(CH2)14CH2CH2C(Ü), J= 7 0 H), 0.92 (t. 3H. CH3CH2CH2C(0). 
J=7 4 Hz), 1 29 (m, 28H, CH3(CH2) )4CH2CH2C(0)), 1.63 (m, 4H, С Н з ( С Н 2 ) 1 4 С Н 2 С Н 2 C(O), 
С Н з С Н _ 2 С Н 2 C(O)). 2 07 (t. 2H. CH3 С H 2 C H_2C(0), J= 7 6 Hz). 2 22 (t. , 2H. 
C H 3 ( C H 2 ) 1 4 C H 2 C H 2 C ( 0 ) J = 7 6 Hz), 3 31-3 38 (m. IH, HCHNC(0)CH2),3 56-3 62 (m, IH. 
HCHNC(0)CH2). 4 08-4.20 (m, 2H. CH2OC(0)), 4 59-4 53(m, IH, CHOPChBzb), 5 03 (d, 4H, 
OCH2Bzl. J=8 7 Hz). 6 33 (t, IH. NH, J= 5 3 Hz), 7 35 (m, 10H, Bzl-H) 
Disodium (2S)-3-phenoxy-2-octadecanoylamino-propan-l-yl phosphate, 8a. 
Phosphate triester 6a (225 mg. 0 32 mmole) was dissolved in methanol (100 ml) and subjected to 
hydrogénation using palladium on carbon as a catalyst After the uptake of hydrogen had ceased the 
catalyst was filtered off over a short RP-18 column The solution was concentrated under reduced 
pressure to a volume of approximately 50 ml, and 20 ml of water was added. This mixture was passed 
through a ion-exchange column (Dowex 50Wx2, sodium form) and the methanol evaporated under 
reduced pressure After lyophilisation. 8a was isolated as a white solid in 89% yield (mp 145-147 °C, 
[alcrn=-20.1", CHCh. ( = 10) Calculated for C27H46N06PNa2 I 5H20 55 47% С 8.45% H, 2 40% Ν: 
found. 55.41% С, 8.35% Η, 2 32% Ν IR (AgCl. cm ' ): ν 3300 (N-H), 3080 (C-Η aryl). 2910 (C-H 
75 
alkyl) 2840 (C-Η alkvl). 1630 NC=0 amide I). 1600 (C=C ar>l) 1550 (HNC=0. anude II) MS(FAB+. 
m/z) 5 8 0 ( M + N J + ) . 558 (M+l) 
Disodium (2R)-3-plienoxy-l-octadecanoylamino-propan-l-yl phosphate, 9a. 
Compound 9a was sunthesised from 7a using the same piocedure as described for the synthesis of 
compound 8a from 6a A white solid was obtained in 867 yield (mp 145-I47°C. | α | ο 2 0 = + 6 1 °. CHCh. 
( = 10) Calculated lor C 2 7 H 4 6 N 0 6 P N a 2 2 H : 0 54 637r С 8 497, Η. 2 367, N. found 54 577, C. 8 357, 
Η 2 247, N IR (AgCI. cm ' ) : ν 3500-3100 (N-H) 3080 (C-Η aryl) 2920 (C-Η alkyl) 2860 (C-Η alky]). 
1640 NC=0. amide I), 1600 (C=C aryl), 1550 (HNC=0 amide II) MS(FAB+ m/z) 580 (M+Na+). 558 
(M+l) 
Disodium (2S)-3-propanoyl-2-dodecanoylamiiio-propaii-l-yI phosphate, 8b. 
Compound 8b was synthesised starting trom 6b using the same procedure as described lor compound 8a 
A white solid was obtained in 787, yield ( [ a ] D 2 0 = 4 1 ° CHCh. c = l 0) IR (CHCh. cm"1) ν 3292 (N-H). 
2933 (C Η аікуі). 2845 (C-Η alkyl). 1727 (OC=0), 1637 (NC=0. amide I). 1551 (NC=0 amide II) 
Calculated for C i 9 H i f l N 0 7 P N a 2 3 H 2 0 43 767, C. 7 737, H. 2 687, N. found 43 787r С 7 907, Η. 
2 557, N MS(FAB + m/z) 469 (M+2) 326 (M-OPO,Na 2 ) R,=0 33 (silica С Н , О Н / Н 2 0 / С Н С Ь 
=39/10/67) 
Disodium (2R)-3-propanoyl-l-dodecaiwylamino-propan-l-ylphosphate, 9b. 
Compound 9b was synthesised starting trom 7b using the same procedure as dcscnbed tor compound 8a 
A white solid was obtained in 807, yield ( [ a | D 2 ( ) = + l 0 ". C H C h < = I 0) Calculated for 
C|i)H,6NÜ7PNa2 l /2H 2 0 47 897c С 7 627, Η. 2 947г N. found 47 737 С. 7 967
с
 Η. 2 377, Ν IR. 
( C H C h . cm ') ν 3400-3300 (N-H). 2922 (C-Η alkyl) 2840 (C-Η alkyl), 1733 (OC=0) 1663 (NC=0. 
amide I). 1520 (NC=0 amide II) MS(FAB+, m/z ) 469 (M+2), 326 (M-OPChNa2) Rr=0 18 (silica. 
СНіОН/Н 2 0/СНСІ, = 39/10/67) 
Disodium <2S)-3-propanoyi-2-octadecaiwylamuio-propan-l-yl phosphate He. 
Compound 8c was synthesised starting horn 6c using the same procedure as described lor compound 8a 
A white solid was obtained in 867, yield ( | a | D 2 0 = - 5 2 °. C H C h ( = 1 0) Calculated tor 
C 2 s H 4 8 N Ü 7 P N a 2 3 H 2 0 49 587, С. 7 997, Η. 2 317, N. tound 49 317, С 8 087, Η, 2 297, N IR 
(CHCh, cm ') ν 3292 (N-H). 2933 (C-Η alkyl), 2845 (C-Η alkyl), 1727 (OC=0). 1637 (NC=0. amide I), 
1551 (NC=0 amide II). MS(t-AB+. ml/ ) 552 (M+Na+) 574 (M+l) Rf=() 35 (silica. C H , O H / H 2 0 / 
CHCh=39/10/67) 
Disodium (2R)-3-propanoyl-l-octadecanoylammo-propan-l-ylphosphate, 9c. 
Compound 9c was synthesised starting I rom 7c using the same procedure as described lor compound 8a 
A white solid was obtained in 847, yield ( | « ] D 2 0 = + 1 0 " . C H C h . , = 1 0). Calculated for 
C 2 5 H 4 S N 0 7 P N a 2 54 447, С 8 777, Η. 2 547, N found 53 967r С. 9 227, Η 2 527, N IR (CHCh. сітг 
>) ν 3400-3300 (N-H) 2922 (C-Η alkyl) 2840 (C-Η alkyl) 1733 (OC=0). 1663 (NC=0 amide I) 1520 
( N C = 0 amide II) M S ( F A B \ m/z ) 552 (M+Na+), 574 (M+l) R
r
=0 20 (silica. С Н } О Н / Н 2 0 / 
CHCI3=39/IO/67) 
(R)-(+)-Butyric acid 2-dodecanoylamino-3-imidazol-i-yl-propyl ester, IOa. 
A 10 ml ampoule was thaiged with a chloroform solution containing 5b (215 mg, 0 6 6 minóle) and 
imidazole (90 mg. 1 32 mmole) and kept at 12 Kbar for four days at 55 °C After release of pressure the 
solvent was removed in \cuito and the reaction mixture was subjected to Hash column chromatography 
(silica, dichloromethane/ ethanol/ triethyl amine=92 7 1 v/v/v) Alter purification 10a was isolated as a 
colourless oil in 307c yield ( |a | D 2 ( ) =+9 6 °. CHCh. Í = I 0) Calculated tor C 2 2 HiqNiOi 1/2 H 2 0 
65 647, С 10 017, H. 10 437, N Found 65 627, С. 10 087, Η, 10 307, Ν. IR (ССЦ. cm ') ν 3300 (N-
H) 2910 (C-Η) 2850 (C-Η): 1735 (0-C=0). 1670 (N-C=0) MS(CI+. m/z ) 394 (M+l). 326 (217,), 306 
(217r) 'H-NMR (CDCI3 ppm) δ 0 88 (t. ЗН СН_з(СН2)8СН 2 СН 2 С(0) J= 6 8 Hz). 0 98 (t. ЗН. 
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С Н _ 3 С Н 2 С Н 2 С ( 0 ) 0 . J= 7 4 Hz). I 25 (m, 16H. С Н 3 ( С Н 2 ) 8 С Н 2 С Н 2 С ( 0 ) ) . 1 61 (m 2H. 
C H 3 ( C H 2 ) 8 C H 2 C H 2 C ( 0 ) . J= 7 2 Hz). I 66 (m. 2H. C H 3 C H 2 C H 2 C ( 0 ) 0 . J= 7 4 Hz). 2 18 (t. 2H. 
С Н 3 ( С Н 2 ) 8 С Н 2 С Н 2 С ( 0 ) . J=7 6 Hz) 2 35 (t. 2H C H 3 C H 2 C H 2 C ( 0 ) 0 . J=7 4 Hz). 4 04 (del. IH. 
C H C H 2 O C ( 0 ) . J=14 8 Hz. J=5 9 Hz). 4 17 (d. 2H. I m C H 2 C H C H 2 O C ( 0 ) . J= 5 0 H/) 4 19 (dd. IH. 
C H C H 2 O C ( 0 ) . J= 14 2 H/. 5 0 H/), 4 40 (m, IH. l m C H 2 C H C H 2 O C ( 0 ) . J= 3 3 Hz). 5 82 (d. IH. 
C
n
H 2 3 C ( 0 ) N H C H , J = 7 5 Hz). 6 94 (s. IH. 2-ImH). 7 08 (s. IH. 4-ImH). 7 49 (s. IH. 5-ImH) 
(R)-(+)-Butyric acid 2-octadecanoylamino-3-imidazol-1-yl-propyl ester, 10b. 
Compound 10b was sunthesised starting hom 6c using the same ptocedure as described tor compound 
12a A white solid was obtained in 507r yield (mp 66-69 °C. [ a ] D 2 0 = + 5 9 °, CHCh. с = 1 0) Calculated 
for С 2 8 Н м Ы ! 0 , 1/2 H 2 0 69 09% C. 10 779Í- H, 8 63'/, N Found 69 26 %C. 10 15 <7,H. 8 59 VcN IR 
(CClj. cm >) ν 3300 (N-H) 2910 (C-H). 2850 (C-H), 1735 (0-C=0) . 1670 (N-C=0). MS(CI+. ml/ ) 
478 (M+l). 390(50<7r) 'H-NMR (CDC13. ppm) δ 0 88 (t. 3H. C H } ( C H 2 ) 1 4 C H 2 C H 2 C ( 0 ) J= 6 8 Hz) 
0 98 (t. 3H. C H 3 C H 2 C H 2 C ( 0 ) 0 . J= 7 4 Hz). 1 25 (m. 28H. C H 3 ( C H 2 ) i 4 C H 2 C H 2 C ( 0 ) ) . 1 61 (m 2H. 
C H 3 ( C H 2 ) [ 4 C H 2 C H 2 C ( 0 ) , J= 7 2 Hz). 1 66 (m. 2H. C H 3 C H 2 C H 2 C ( 0 ) 0 , J= 7 4 Hz). 2 18 (ι. 2H, 
C H 3 ( C H 2 ) l 4 C H 2 C H _ 2 C ( 0 ) . 7 6 Hz). 2 35 (t, 2H C H 3 C H 2 C H 2 C ( 0 ) 0 , 7 4 Hz). 4 04 (dd. IH. 
C H C H 2 O C ( 0 ) . J=14 8 Hz. J=5 9 Hz) 4 17 (d. 2H. lmCH_ 2 CHCH 2 OC(0). J= 5 0 Hz). 4 19 (dd. IH. 
C H C H 2 O C ( 0 ) . J= 14 2 Hz 5 0 Hz). 4 4 0 (m. IH I m C H 2 C H C H 2 O C ( 0 ) . J= 3 3 Hz). 5 82 (d IH. 
C ] 7 H 3 5 C ( 0 ) N H C H . J= 7 5 Hz), 6 94 (s, IH, 2-ImH), 7 08 (s. IH, 4-ImH). 7 49 (s. IH, 5-ImH) 
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Chapter 6 
Tuning the supramolecular expression of chirality: 
Phosphatidic acid analogues containing amide linkages 
Introduction 
The construction of chiral supramolecular structures by the sell-assembly of chiral surfactant 
molecules has received much attention in the last decade. Synthetic surfactants derived from 
sugars,1 amino acids,2 nucleic acids,3 and phospholipids4 have been demonstrated to form a 
variety of chiral superstructures, such as helical fibers, twisted ribbons, etc. Most of these 
compounds contain hydrogen bonding moieties, providing the inlermolecular interactions that 
are required to stabilise these aggregates. Although many studies on surfactant aggregation have 
appeared in the literature, much still remains unknown about the origin of the supramolecular 
chirality. Since inlermolecular hydrogen bonds seem to promote the expression of chirality on a 
supramolecular level, it is of interest to analyse the nature of these bonds and their relation to the 
structure and shape of the aggregates.s It should be noted, however, thai hydrogen bonding is not 
the only factor which determines whether a chiral aggregate is formed or not. Molecular shape 
and hydration of the surfactant head group can also play an important role.6 
Two related pairs of regioisomeric phospholipid analogues (1-4) have been prepared in order to 
assess the structural requirements for the supramolecular expression of molecular chirality.7 In 
this chapter the influence of the position of the amide and phosphate groups on the molecular 
shape and hydrogen bonding pattern of the aggregate, as well as on the ability of the 
phospholipids to form chiral aggregates, is described. 
О 
C 3 H 7 ^ - o — , о 
Na203PO 
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H 4 - N ^ - C 1 7 H 3 5 
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C 3 H 7 
1 7 H 3 5 
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Results and discussion 
Aggregation behaviour of butyrates 1 and 2 
Compounds 1 and 2 were obtained as disodium salts as described in Chapter 5. The approximate 
pK
a
-values of 1 and 2 were estimated from the corresponding pK
a
*'s determined from titration 
experiments in a methanol/water mixture (95/5, v/v) to prevent aggregation. The obtained 
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a 
Figure 1. (a-f) Electron micrographs taken from 2% (w/w) dispersions of 1 and 2. (a) Planar structures 
from I (Pt shadow, bar 250 nm), (h-c)) left-handed helices from 2 (Pt shadow, har (b) 500 and (c) 100 
nm), (d-e) right-handed super helix from 2 ((d) unstained, bar 500 nm (e) freeze fracture, bar 125 run). 
(f) Schematic representation of the model proposed for the chiral packing of DNA molecules by Reich et 
al. (Ref. 9). Each of the individual strands represents a double helix. 
SO 
pKji^-values foi 1 and 2 weie 4 7 and 4 λ lespectixcl> The lespective pK
a
2 values amounted 
to 11 2 and 10 9 These values aie somewhat highei than those leportcd tor phosphatide acids in 
water, \i: p K d | = l 9 and pKa;>=8 6 s II may he concluded thereloie, that at neulial pH 
compounds 1 and 2 will be in then mono-piotonated (orm 
Aqueous dispersions (2% w/w) of 1 and 2 weie prepared by sonicating these surfactants at 70 
°C for one hour and subsequent ageing overnight Although the surfactants have a strong 
structural îesemblance the dilleience in position of the phosphate and amide gioups leads to a 
dramatic effect on the expiession of molecular chiralny at the supiamoleculai level 
riansmission election micioscopy demonstrated that 1 foims planai strucUiies (Figuie la), 
whereas 2 produced left-handed helical strands which coagulate to lorm left-handed ι ope like 
structuies (Figuie lb c) These helical stiands have a diameter of 22 nm and a laige régulai 
pilch of 92 nm (Figuie Ic) Since the coiled stiands appeal to be îound they probably have a 
tubulai stiucture with a single oi multi bilayer wall Powdei diffiaction experiments peifoimed 
on cast films of the lespective aggregates revealed a lepetitive distance of 40 A and 46 A for the 
aggregates of 1 and 2 respectively These values indicate that the aggiegates of both compounds 
are constiucted liom inteicalated bilayeis since the maximum moleculai length of both 
compounds as estimated fiom CPK models amounts to appioximately "Ì0 A It was concluded 
Irom DSC experiments that the hydrocaibon chain organisation in 1 and 2 is different (Table 1) 
The aggiegates piepared from 1, display a weak phase tiansition at 16 °C whereas those of 2 
show a veiy strong tiansition at 25 °C 
Table 1 DSC data foi aqueous 2'/< [II/UJÍ/II/ÍOJ/WM of ютроитІ\ 1 4 
Compound 
1 
2 
3 
3 > 
4 
T
c
 (°C) 
16 
29 
21 
26 
. #) 
ΔΗ (J/g) 
5 2 
960 
21 
40 
#) 
AS LJ/(g K)| 
0 02 
3 14 
0 08 
0 Π 
' pH jd]usicd lo 2 s *" not obsLi\nJ 
It is remai kable thai a small number ol very laige light handed helices was observed also in 
disposions of 2 (Figuie Id e) These superhehces were lound lo have a thickness of 350 nm and 
a pitch of 250 nm It is well possible that these light handed supei helices are composed of 
ìnteitwined left handed helices A similai intertwined stiuctuie has been repoited for supercoiled 
linear DNA (Figuie I f ) 9 Minoi changes in salt concentialion which are believed to induce 
modifications in the hydration state and in the suitacc chaige density (or distnbution) of the 
DNA molecules, can affect the twist and lead to a leveisal of the handedness of the supercoil 
Thus supercoiling may lead to the lormation of eithei left-handed or light handed helical 
structures regardless of the handedness of the individual stiands By analogy il is proposed that 
in the piesent case small changes in local ion concentrations (e g pH udì stipici), may induce 
the formation of light-handed superhehces from the left-handed helices shown in Figure lb 
81 
40 
Π 
35 (mN/m) 
30 
25 
20 
a 
15 
10 b 
5 
0 
0 50 100 150 200 250 300 350 400 
A (Az/molecule) 
Figure 2. I eft monola\ei isolheims o/ (a) I and (b) 2 Ri<>lit enlaigement of tune (a) 
Monolayer experiments on 1 and 2 
Monolayer experiments revealed a remarkable difference between 1 and 2 (20 °C, sub-phase pH 
= 6 5-7 0) (Figure 2) A very large hft-ofl area of approximately 350 A 2 was determined for 1 
and no clear liquid condensed phase was observed upon compression Its positional isomer 2, 
however, could be compressed to a much smaller area per molecule, viz 80 A2, suggesting a 
high degree of hydrocarbon chain packing in the compressed state. The temperature dependence 
ol the respective isotherms was also different tor 1 and 2 Isotherms of 1, recorded at 10, 20, and 
30 °C, revealed that the liquid expanded (LE) to liquid condensed (LC) transition pressure was 
temperature independent, whereas the lift-off area was strongly temperature dependent (Figure 
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Figure 3. Tempeiatuie dependence of monola\e> isothenns of 1 and 2, lecoided on a 
sub-phase of pH 6 5 Cune (a)T=30°C cune (b) T=20"C and сипе (c) T= 10 °C 
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Figure 4 Temperatine dependence oj monolayer isotherms of 2 lecouled on a sub 
phase of pH 6 4 Cune (a) І=Ю°С cune (b) T=20°C and curve (e) 1 = 10 °C 
3) The reverse was observed for compound 2 , ι e the transition pressure was temperature 
dependent and the lift-off area temperature independent (Figure 4) 
From these lesults it may be concluded tentatively that in the LE phase of 1 the molecular area is 
determined by the conformational motions in the hydrocarbon chains Apparently, upon further 
compression this area only depends on the size of the head group This feature may be explained 
by assuming that compound 1 has a molecular conformation as depicted in Figure 5 (left), where 
both the amide hydrocarbon chain and the butyratc group point away from the sub-phase 
In the case ol 2 Ihe moleuilni area in the I F phase is independent of the conloi malions ol the 
Figure 5. Striatine and CPK model·, of (left) I and (пціи) 2 displa\inq the different (mentations of the 
bun Hite gioup 
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alkyl chains, but in the LC phase these conformations play a major role in determining the 
molecular area. It may be assumed that 2 adopts a structure in which the butyrate group is 
immersed in the sub-phase as indicated in Figure 5 (right). This results in an overall linear 
orientation, which also accounts for the observed relatively low area per surfactant molecule. 
During compression, the monolayers were studied by Brewster angle microscopy.10 Compound 
1 did not show any distinct morphologies, whereas for monolayers of compound 2 the growth of 
Figure 6. (α-e) Brewster angle micrographs of surface monolayers of 2 at (a-d) 30 and (e) 10 "C (Spot 
diameter όΟΟμηι). Pictures taken at TT=5mN/m (a), 16 inN/m (b) 18 mN/m (c) 30 mN/m (d) and ¡5 mN/m 
(e) (pH= 6.5). ff) Fluorescence micrograph of a monolayer of 2 containing 0.5 mole % of a fluorescence 
probe taken at Π=51 mN/m (T=20 °C, pH=6.5, spot diameter 200μιη). 
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chiral branched domains was obseived (Figure 6a-c). which exhibited an overall counter­
clockwise pattern. Upon compression into the LC phase the chirality of these domains was lost, 
due to the intercalation of the branches (Figuie 6d). The size and shape of the observed domains 
changed when the temperature of the sub-phase was decieased. At lower temperatures smaller 
domains weie observed, which showed a higher degree ol cui valure in the branches (Figure 6e). 
This result can be explained by the tact that the rotational motion in the hydrocaibon chains is 
reduced on lowering the temperature. This then leads to a decrease in the size ol the lipophilic 
part of the molecules. In order to fill up the vacant space, the surfactant molecules have to adopt 
a more tilted orientation, which results in the formation ol more strongly curved domains.' ' 
Domains, similai to the ones described above, were visible during fluorescence microscopy 
experiments (Figure 6f). The size ol these domains was. however, reduced drastically compared 
to the ones observed by Brewstei angle microscopy This remarkable difference is probably 
caused by the fluorescence probe1 2 which acts as an impurity, causing an inciease in the number 
of nucleation sites This emphasises the importance of Biewster Angle microscopy as a 
technique by means of which the moiphology of monolayers can be studied, without introducing 
artefacts. 
pH Dependence 
Since the size ol the head group plays a major role in the hydrocarbon chain packing of 
surfactant molecules, protonation of the head groups can be used to influence the molecular 
organisation in a monolayer. With the aim of achieving a better packing or a change in packing 
of the hydrocarbon chains, monolayei experiments were carried out at pH-values at which the 
phosphate gioups of 1 and 2 are fully protonated Isotherms recorded at pH=2.5 levealed a 
decrease in molecular aiea lor both surlaclants, but for 1 the changes weie mote pionounced 
than for 2 (Figures 7 and 8) Upon piotonation the molecular area is reduced but still large (e.g a 
hft-ott area of appioximately 200 A- was determined) and no condensed phase was foimed upon 
compression This indicates that the hydration of the phosphate gioup plays a iole in determining 
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2.5. 
the molecular area of 1, but that this area is determined mainly by the hydrocarbon chain motion, 
as was already indicated above. No change in the morphology of the monolayer of 1 could be 
observed using Brewster angle microscopy. In contrast, the monolayer of 2 revealed a 
remarkable difference in domain formation upon decreasing the pH. The size of the domains 
decreased and their direction of growth was reversed as shown in Figure 9. This phenomenon is 
unprecedented and is probably due to a change in molecular organisation leading to a different 
long range tilt order in the domains.1 1 The observed reversal of growth may arise from a 
reduction of the dipole-dipole repulsive interactions between the surfactant molecules. Another 
possibility is that this change in behaviour is caused by a reorganisation of the hydrogen bonding 
pattern. The latter seems more likely (see also next paragraph). 
Figure 9. Brewster angle micrographs of surface monolayers of 2 at pH 2.5 (T=20 "C) taken at (a) 
n=5mN/m and (b) 16 mN/m. 
So 
20 40 60 80 100 
A (A2/molecule) 
isotherms of 2 recorded at 20 °C; curve (a) pH 6.5, curve (h) pH 
FT-IR spectra of I and 2 
General remark s 
FT-IR-spectra were taken of oiiented films of these surlactants (Figure 10). prepared by the iso-
potenlial spin diying technique, in order lo investigate the role of hydrogen bonding in the 
aggregation behaviour of 1 and 2 ' 4 The piesenee of an amide II vibration at 1550 cm"1 and two 
N-H stretching vibrations at 3300 and 3070 cm - 1 is characteristic of a trans-amide polymer 
structure.1? ι.e an alignment of hydrogen bonded trans-amide functions For both compounds the 
N-H stretching \ibiations appear as doublets, probably due to Feimi resonance, ι e the 
interaction of a fundamental vibration and an overtone of similar energy and symmetry.1(l This is 
also the case for the amide 11 vibiation of compound 1. which showed two bands, namely at 
1562 and 1549 cm '. Foi both compounds the formation of an amide polymer structure was 
conlnmed by the piesenee of amide I vibrations which were shifted to lower wa\enumbers. 
(Table 2), due to hydrogen bonding. 
Compound 1 
The ester carbonyl gioup of 1. showed two vibrations, namely at 173 I and 1714 cm"1, indicating 
its involvement in two different types ot hydiogen bonds Deconvolution ot the spectra levealed 
that the amide I vibration of 1 consisted of two supei imposed peaks, viz. a shaip vibration at 
1644. and a broadened one at 1645 c m 1 , implying that the amide carbonyl group is also 
involved in two different hydiogen bonds. 
Spectra were also iccorded ol dilute solutions in dry chloroform, in which no aggregates aie 
formed, in order ю obtain information about the nature of these hydrogen bonds. The peaks 
characteristic ol the presence of an amide polymer were siili present. Only one amide I vibiation 
at 1643 cm - 1 was observed, suggesting thai only the hydrogen bond in the amide polymer was 
Table 2. Chinai le usi и \ ibi alums (un ) in the FT-IR spei Ira ιι/ oriented films and ihlaiotorm solutions 
oj 1 and 2 
Functional 
Gioup 
O H 
N-H 
Ester C=0 
Amide 1 
Amide 11 
p=o 
1 
Onented film 
3535 
-
3355 (br) 
3300/3287(fi) 
3095/3069(lr) 
1731 
1714 
1645 (br) 
1644 
-
1562/1549(fi) 
1254 
Chloroform 
-
-
3355 
3292 
3066 
1727 
-
1643 
-
-
1550 
1252 
2 
Oriented film 
3494 
3407 
3312/3306(fi) 
3073/30381 f г) 
1737 
1706 
1675 
I648(br) 
1641 
1551 
1255(br) 
Chloroform 
-
-
3350 (br) 
-
-
1733 
-
1663 
-
-
1520 
1254 
(bi)= limad. (tr)= split li\ tcmu icsonjin.e 
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retained This suggestion was supported by the fact that the ester carbonyl vibration at 1714 cm ' 
had disappeared A vibration at 1727 cm ' remained indicating that the ester is still involved in a 
relatively weak hydrogen bond 
A small vibration was present at 354 S cm ' in the spin dried sample of 1 This indicates the 
presence of tightly bound water molecules which are involved in hydrogen bonding These 
water molecules probably act as linkages between neighbouring amide polymer chains In the 
dilute chloroform solution, the surtaclants will be present as linear strands ol molecules, which 
are generated by breaking of interpolymer linkages The fact that in chloroform the vibration at 
1727 cm ' remains suggests that the estei carbonyl group is also involved in hydrogen bonding 
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Figure II Hwìrogen bonding patinns of 1 and 2 in ¡hloiofoini solutions 
to a dorititing moiety within the same amide polymer strand According to CPK models a 
hydrogen bond between the ester carbonyl group and the amide hydiogen of the same molecule 
is unlikely but a hydrogen bond with the amide Ν H of a neighbouring molecule in the strand is 
feasible (Figure 11) This interpretation was supported by the occurrence of a vibration at 3355 
cm ' in both the spin dried sample and the chloroform solution In the former case this vibration 
appeared as a broad band wheiein the vibrations at 3300 and 3287 cm ' are incorporated These 
vibrations are interpreted as being N-H stretching vibrations, which are shifted due to hydrogen 
bonding The broadening indicates that in the oriented film the H bonding interaction is less 
well-defined than in the chloroform solution where it gives use to a much sharper peak It is 
proposed that the two carbonyl groups form a double hydiogen bond with the amide proton of a 
neighbouring molecule This involvement of two carbonyl gioups may strengthen this hydiogen 
bond and hence account tor the fact that even in dilute chloroform solutions the amide polymer 
remains present 
In order 10 visualise the information obtained above an assembly of several molecules of 1 was 
constructed using CPK models, incorporating an amide polymer chain, the occurrence of a 
hydrogen bond between the ester carbonyl functions and the amide protons, a water molecule 
bridging the ester and amide carbonyl groups of neighbouring strands A picture of such an 
assembly is shown m Figure 12a b 
Compound 2 
Two ester carbonyl \ ibrations were also observed lor oriented films of compound 2 one at 1737 
cm ', indicative ot a free ester function and one at 1706 cm ', typical for an ester group forming 
a strong hydrogen bond, e g with water l 7 The amide I signal appeared as three superimposed 
vibrations 11: a sharp peak at 1641 cm ' a broadened one at 1648 cm ' and a minor vibration 
at 1675 cm ' These peaks are interpreted in the following manner a small fraction of the amide 
carbonyl groups is not involved in hydrogen bonding, giving rise to the weak vibration at 1675 
cm ' wheieas the major fraction of the amide caibonyl groups forms a second hydrogen bond 
(1648 cm '), in addition to the amide polymer hydrogen bond (1641 cm ') The presence ot a 
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Figure 12. CPK models of assemblies of molecules of(a-b) 1, and (c-d) 2, showing the most probable 
orientation of the molecules with respect to their nearest neighbours. 
Figure 13. CPK models of assemblies of molecules of 3, showing the most probable orientation of the 
molecules with respect to their nearest neighbours in dispersions of(a-b) pH 6.5 and (c) 2.5. 
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double esleí taibonyl vibration may be explained b> assuming that the estei functions are only 
partially hy dialed after the spin diying proceduie The pi esente ot water moletules invohed in 
hydiogen bonding to the taibonvl gioups of the amide and ester tunttions is suppoited by the 
obseivation of vibiations at 3494 and 3407 tin ' These bands aie assigned to fiee vvatei 
bound to the estei tarbonyl group and trystal walei bound to the amide taibonyl gioup 
Surfactant 2 revealed a totally difleient hydiogen bonding pattern upon dissolution in 
thlorolorm The amide I vibiation appeared at 1664 tm ' suggesting the piesence ot a fiee 
amide taibonyl gioup The Ν Η stietthing vibiations tharatlenslit ol the amide polymei aie 
no longei piesent instead a new bioad N-H band aiose at 3350 cm ' It may be tontluded liom 
the fatt that an ester vibration at 1741 tin ' is piesent that the inteimoletulai hvdiogen bonds in 
the amide polymei structuie aie bioken upon dissolution in thloroloim in tavoui ot the 
formation ot an intiamoletulai hydiogen bond between the ester taibonyl gioup and the Ν Η 
group of the amide (Figuie 1 1 ) 
CPK models ol 2 were tonstrutted. by taking into attount the moletulai tonloimaiion as 
depleted in I iguie i and the piesente of an amide polymei stiuttuie I hese models leveal that 
the phosphate gioups aie inclined to adopt an oiientation favounng the toimation ol an 
intermoletulai sequente ot hydiogen bonds as shown in Figure 12c d The obseived vibrations 
vir the broadened amide I vibiation at 1648 cm ' the P=() vibration at 1254 tm ' and one ot 
the Ο Η vibiations at 3494 oi 4407 cm ' tan be explained by assuming that a watei moletule is 
bridging the amide tarbonyl gioup and the P=0 gioup ot the phosphate function eithei in an 
intramolecular or an inteimoletulai fashion The budging watei moletules have not been 
intluded in the models presented in Figure l i t d loi the sake oi tlaiity A high degiee ot 
moleculai oiganisation is clearly present in the aggiegate which accounts toi the laige phast 
transition entropy (Table 1) It appeals fuitheimoie that the high degiee ol head gioup 
organisation ensuies a close contact of the steicocentres which in turn may be lesponsible toi 
the toimation of a chiral supeistructure ot aggregates ol tompound 2 
Aggregation behaviour of phenyl ethers 3 and 4 
Election mitioscopy demolistiated (Figure 14a) that vesitles with diameteis ot 500-1000 inn 
were geneiated when 3 is dispersed in watei ot pH 6 5 (2% vv/w ) These vesitles slowly 
rearranged to lorm ribbons (Figuie 14b) which displayed a phase tiansilion at 21 °C (Table 1) 
Powdei diffraction revealed a bilayei thitkness ol 34 A (Figuie 15a). suggesting that the ribbons 
have a stiuttuie in whith the alkyl thains aie inteitalatmg The bioadenmg of the leflettion at 
4 23 A (d
s
) ìepiesenting the hexagonal pattern of the hydrotarbon chains indicates that the 
packing ol the alkyl chains is distoited l s This may be the result ol the fatt that the lipid 
molecules have a tilted oiientation wiLh ìespett to the bilayei normal 
Elettron mitiographs ot samples piepaied trom aqueous 2Vr (w/w) dispeisions ol 4 levealed the 
presente ol Iibrous aggregates (Figuie 14c) These tibeis were formed immediately attei 
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preparation of the samples and remained stable for at least one week. Powder diffraction patterns 
obtained from cast films of 4 reveal higher order reflections from which a repetitive distance of 
40 Â was derived (Figure 15c). It is seems likely that the phenoxy group of 4 points towards the 
interior of the aggregate rather than to the aqueous phase. If this is the case, the maximum 
molecular length of 4 as estimated from CPK models, amounts to 30 A. This value suggests that 
these fibers are built up from intercalating building blocks, composed of two molecules of 4, 
(Figure 16) probably forming a staircase like arrangement. This would yield a micellar fibre, 
having a low degree of hydrocarbon chain organisation. This conclusion was supported by the 
fact that no reflections of a hexagonal packing of alkyl chains are observed in the powder 
diffraction patterns and that DSC experiments do not show any phase transition (Table 1). 
Figure 14. Electron micrographs of negatively stained (a) vesicles (bar 2 μτη) and (b) platelets (bar I 
\im) of3, and (c) Pt shadowed (bar 400 nm) and (d) negatively stained fibers (bar 500 nm) of 4. 
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Monolayer experiments on 3 and 4 
Monolayer experiments showed that compound 3 is not able to torni a condensed phase (Figure 
17) and no distinct morphologies weie obseived by Biewstei angle microscopy duiing 
compiession Compound 4 did not lorm a stable monolayer Upon compression the surlace 
pressine increased, however when the barrier was stopped it immediately dropped to zeio 
Fuithennore. no collapse point was obser\ed during compiession ot the layer to very low 
molecular areas. \i: 15 A-/molecule From these observations one may conclude tentatively that 
compound 4 dissolves in the sub-phase during compression Since 3 and 4 contain the same 
structural elements, the ditleience in suiface behaviour between these compounds must anse 
from a dissimilarity in conformational preferences enlorced by a diffeience in favourable 
interactions between the functional gioups 
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FT-IR spectra of oriented films of3 and 4 
FT-IR spectra weie íecoided ol spin dried samples ul 3 and 4 in ordei to investigate the origin of 
the differences in moleculai organisation These spectra revealed that both compounds had an 
amide polymer stiuclure. as was concluded I mm the positions ot the amide II (1546 and 1541 
cm'1 lor 3 and 4. lespectively) and N-H stretching vibrations (3309 and 3068 cm ' for 3 and 
3300 and 3069 cm ' for 4. not shown) The appearance ot two amide I vibrations in the spectrum 
of 3. / e a sharp vibration at 1641 cm ' superimposed on a broadened one at 1650 cm ' (Figuie 
18). implies that the amide caibonyl gioup is involved in difteient types ot hydiogen bonds As 
only one hydrogen donoi is present, if; the amide N-H gioup. water molecules piobably 
participate as well Spectra of cast films ol dispersions of 3, prepared in D2O, showed a stiong 
\1brai10n at 2200 cm ', indicating the piesence of a N-D bond (not shown) The formation of 
deuterium bonds in the amide polymei chain was confirmed by the decrease in intensity ol the 
amide II vibration at 1546 cm ', and the shift ol the caibonyl vibrations to lower wave numbers 
Furthermore, a change in the pattern ot the phenyl ring vibrations and a broadening ol the ethei 
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bands in the 1250-1200 enr1 and 1060-1020 cm"1 regions were observed. This indícales that the 
ether group acts as a hydrogen bond acceptor. Inspection of CPK models revealed that water 
molecules cannot form a bridge between the amide carbonyl group and the ether oxygen atom of 
the same molecule. This leads to the tentative conclusion thai water molecules interlink the 
carbonyl and phenoxy groups of neighbouring amide polymer chains (Figure I 3a-b). 
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dispersion in DiO. 
The ЬТ-IR spectra of 4 showed a distinct broadening of the N-H stretching vibration, as well as a 
broadening of the amide I and the amide II vibrations, indicating that the hydrogen bonds in the 
amide polymer chains of 4 arc less well-defined than those in the aggregates of compound 3. 
Furthermore, the centre of the amide I vibration appeared at a relatively high wavenumber. W;. 
1650 cur ' (Figure 18). implying that the hydrogen bond is relatively weak. IR-spectra obtained 
from samples prepared in D2O showed a shift of the phenyl ring vibrations, as well as a change 
in the pattern of the ether vibrations in the 1250-1200 cm - 1 and 1060-1020 cm - 1 regions. This 
suggests that the phenoxy group is involved in hydrogen bonding. CPK models indicate that in 
the case of 4 a water molecule can bridge between the amide carbonyl «roup and the phenyl 
ether oxygen atom. This will, however, force the phenyl ring to adopt an orientation that is 
sterically unfavourable for the formation of a linear amide polymer chain. A non-linear array of 
hydrogen bonded amide groups explains the broadening of the C=0 and N-H vibrations in the 
IR spectra. It also explains why 4 forms micellar instead of lamellar structures. 
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The appearance of a sharp amide I vibration suggests that the use of D2O causes the formation of 
better defined amide polymer chains (Figure 18). In this perspective it is of interest to note that 
the dispersions of 4 in D2O appear more turbid than those in water, which may indicate the 
formation of a different type of aggregates. The use of D2O may therefore offer possibilities to 
tune the aggregation behaviour of surfactants by changing the strength of their intermolecular 
interactions. 
pH Dependence of the aggregation behaviour of3 
It was found that protonation of the head groups of 3 leads to the formation of chiral aggregates 
from the ribbon-like structures which were initially present. When the pH of an aqueous 2% 
(w/w) dispersion of 3 was lowered from pH 6.5 to 2.5 these ribbons started to twist. By this 
twisting left-handed helices were formed from which, ultimately, tubular structures were 
Figure 19. Electron micrographs of negatively stained samples of 3 after adjusting the pH from 6.5 to 
2.5. Micrographs were taken after (a) 5 minutes (bar 200 nm), (b) 1 hour (bar 250 nm), and (c-d) I day 
(bar 1000 nm and 250 nm respectively). 
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obtained (Figure 19b) DSC revealed a phase transition at 26 °C (Tabic I) tor these chiral 
aggregates, indicating a high degree of molecular organisation compared to the ribbons found at 
pH 6 5 Remarkably, the powder diffraction pattern indicated that upon changing the pH to 2 5, 
the bilayer thickness increased from 34 to 45 A This may be explained by a decrease of the tilt 
angle, or a lower degree of intercalation of the hydrocarbon chains It was lound that the change 
in bilayer thickness was accompanied by a sharpening of the d
s
-refleclion (Figure 15b), implying 
that the molecules in the bilayer do no longer possess a tilted orientation. Therefore, it may be 
concluded that a change ot tilt angle contributes to the increase of the bilayei thickness 
However, at this stage a change in the degree of alkyl chain intercalation cannot be excluded 
Infrared spectra revealed that on lowering the pH, the amide polymer chain remained intact An 
additional, broad amide I vibration appeared, which was accompanied by a broadening of the 
amide II vibration (Figure 20) These changes in the spectra are assigned to the formation of 
hydrogen bonds between the amide carbonyl groups and F h O + ions The sharpening ol the 
phenyl ring vibrations at 1600, 1580 and 1500 cm - 1 , the appearance of a broad Ph-0 ether 
vibration at 1222 cm - 1 and the shift of the CH2-O ether vibration to 1047 cm - 1 indicate that a 
different hydrogen bond was formed to the phenoxy group 
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Figure 20 FT-1R spectra (upper tiace) and second dcinatncs theicof (¡owei mice) ο/ 01 tented films 
obtained fiom 27c (u/u ) dispeisions- of3 Lejt Surfactant dispersion in water ojpH 6 5 light pH 2 5 
Inspection of CPK-models shows that the formation of a hydrogen bond between the phosphate 
group and the ether oxygen atom would force the aromatic ring to point to the interior of the 
bilayer (Figure 13c) This may lead to a lower degree of intercalation of the hydrocarbon chains, 
and thereby contribute to the observed increase of the bilayer thickness This arrangement leads 
to a more condensed head group and to a smaller motional freedom ol the phenoxy group, thus 
accounting for the higher degree of molecular organisation as deduced from DSC experiments 
This higher degree of head group organisation may also be the reason why the molecular 
chirahty is expressed at the supramolecular level during aggregation at pH 2 5. 
Concluding remarks 
The experiments described above demonstrate that surfactant molecules having a strong 
structural resemblance can display a distinct difference in their aggregation behaviour The 
construction of CPK models, using the information obtained from FT-IR spectroscopy, suggest 
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lhat the ditteieiices in aggregation behaviour ot surfactants 1-4 may attnbute to dissimilai mes in 
hydrogen bonding patterns and conformational preferences Appaientlv the lormation of an 
amide polymei stiuclure alone does not suffice lor the formation ol chiral aggiegates A high 
degree of head gioup oiganisation seems to promote the supiamoleculai expiession of moleculai 
chirahly whereas the presence of bridging water molecules inteilinking the amide polymer 
chains seems to hampei this expression Water molecules probably restnet the onentalional 
t ieedom ol the amide polymers making the stereogenic centeis sepaiated spatially 
By changing the pH the hydrogen bonding patterns in the aggiegates can be alteied It was 
demol is t ia ted that the result ing conformat ional and o n e n t a l i o n a l changes can induce 
supiamoleculai chirality in the aggregates 01 can leveise the chnal patterns In tins context also 
the preliminary observations regarding the use ol D2O are woith mentioning The leplacement of 
watei by ГЬО appeals to influence the intei molecular intei actions and theieby the type ol 
aggiegates that are formed This observation deseives tuithei investigation since it oi lers 
prospects lot tuning the aggiegation behaviour of surfactant molecules 
Experimental section 
Sample preparation 
Samples were prcpaicd b\ sonication ot a 2 9r (w/w) dispeision ol the sui ladani in walei .11 70 "C lor 
one h In .ill measuicmenls except when indicated otheiwise samples weie aged toi 16 li al moni 
tempeutuie prim to use 
Electron microscopy 
Pi shadowed samples were prepared bv bunging a drop ot the dispeision onto a Inumai coated 
micioscope gud Allei one mm the excess of the dispersion was sucked oft and the sample was 
shadowed bv e\apoiation ot Pt under an angle ol 4s ° Negativels sunned samples weic picpaicd 111 an 
analogous manner Aller the excess ot the dispersion was sucked ott (he samples weie sunned with .1 2c/< 
(w/w ) aqueous uranyl acelate solution 
Hcc7e hactuied 1 ' ' samples weie piepaied bv bringing a drop ol the dispersion onto a golden microscope 
grid (ISO mesh) placed between two copper plates and fixated 111 supercooled liquid nitrogen The 
sample holders were placed in a Balzers Freeze htchmg System BAF 400 D at 10 7 Ton and healed lo 
IOS "С Attci tiactuiing the samples were etched for I min (ΔΤ=2() "С) shaded with Pt (layci 
ihickncss 2 nm) and coveied with carbon (layei thickness 20 nm) Replicas were allowed to heal up to 
100111 temperature and lelt on a 20'7c aqueous chromic acid foi 16 hrs Aftei nnsing wiih waier (hey were 
allowed lo diy and then studied using a Philips ТЕМ 201 microscope (60kV) 
DSC 
Thcrmogiams were recoidcd using a Peikin & Elmer DSC7 instrument Samples were prepared in 
stainless sieel 7S ml large volume pans Aftei addinoli of surfactant and buttei solution the pans were 
scaled and placed 111 a balh-lype somcalor at 70 °C The samples were sonicaled toi one h and left 
overnight at 4 °C Attci incubation at 0 °C for 15 min heating runs weie lecoided I rom 0 60 "С 
Powder dijjraUwn 
Powdei diftiaclometry was earned out with a Philips PW1710 diflractomeler equipped with a Cu LFF X 
lay lube operating at 40 kV and 5S mA Experiments were earned oui between 1 and 60 " using a step 
widlh ol OOl" Samples were prepared by placing a drop ot the suspension on a silicon single crystal and 
subsequent e\acualion lo 0 1 Torr 
9H 
Monolayer experiments 
Isotherms wert lecoided (in a theimosialed home built Hough ( 140 \ 210 mm) The surface ptessure was 
measuied using Wilhelms plates mounted on a Irans Tek tiaiisducei (Connecticut USA). On the sub 
phase 40 ml ot a chloiotoim solution (0 "5 ma/ml) ot the suitactant (mixture) was spiead and the solvent 
was allowed to evaporate The rate ol compression was 7 0 cm-/min The surla.ee of compressed 
monolavers was studied with a Biewstei Angle Micioscope (NFT BAM I ) equipped with a 10 mW He-
ΝΓ lasei with a beam diametei ot 0 6S mm opeiating at 642 8 um Reflections were detected using a 
CCD cantei a and images weic iccoided on a Panasonic supetVHS \idcoiecoidci 
FT-IR spectroscopy 
IR samples weie piepaied bv depositing 160 ml ol a sui lactam dispersion (see sample piepaiation) as a 
lilni on a AgCI window using the iso potential spin d iung method ' 4 H IR spectra were measuied at 
ambient tempeiatuies usimi a Mattson C\gnus 100 single beam spcctiometei equipped with a liquid 
mliogen cooled nairow band MCT detecten intcilaced lo a microcomputei The optical bench was 
continuously puiged with diy mliogen gas (20 I/mm) The lollowmg acquisition paiameters were used 
Resolution 4 cm ' numbei ot co added inteiteiograms 128 moving minoi speed 2 "54 cm/s 
wa\enumber lange 4000 7S() apodi/ation function mangle Signal to noise ratios (2000 2200 cm ') 
weie belter than 4 x l 0 , Data acquisition was perlormed using EXPERT IR soltwaie (Mattson) For data 
analysis WIN IR soltwaie (Spectiacalc) was used Baselines were conected and peak positions weie 
detei mined using second den\ati\e spectia smoothed ovei 14 data points Cui ve fitting procedures weie 
repeated seveial times (Initial settings \(Wr Gauss/ 909Í I oien/ band width 10 em ' ) and the quality of 
the lilted spectia was cheeked by compaimg the generated and original spectra before and alter 
deconvolution 
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Chapter 7 
Intermolecular hydrogen bonds in helical aggregates: 
Aggregation behaviour and copper(ll) complexation of an 
imidazole containing amide surfactant. 
Introduction 
The incorporation of metal centres into self assembled structures trom surfactant molecules has 
been a topic of increasing interest foi several years Metallo aggregates have been designed and 
used for catalytic purposes,1 the binding of molecular oxygen.2 or the immobilisation of 
proteins ' They are of particular interest in view ot their applications in the development of 
nanotcchnology monolayers and multilayer films ot metal coordinating surlactant molecules 
displaying magnetic4 or semiconducting'1 propeities 
It has also been shown that the sell assembly of enantiopure synthetic surfactants, directed by 
hydrogen bonding οι π - π stacking, can be used to construct well defined chiral aggregates 6 7 s 9 
The application ot these nanostructures as surfaces displaying special properties is well 
recognised, which has led to the dc\elopment of piocedures foi the coating ot these particles 
with various metals 7 Surprisingly, little attention has been paid so far to the use of metal ions 
for the direction of the self-assembly during the generation ol these architectures l 0 The use of 
ditferent metal salts lor the construction of catalytically active chiral aggregates from 
coordinating surfactant molecules could otter possibilities foi the legulation of the shape and 
size as well as the ìeactivity, of these structures 
1a R = C 1 7 H 3 5 
1b R=C-|-|H23 
In the course ot a study towards the use of the self assembling structures for catalysis in aqueous 
envnonments, the properties ot amphiphihc systems based on the co-ordination of copper ions 
by imidazole substituents ha\e been investigated 10b " In this perspective the influence of 
supramolecular chirahty on the reactivity of the metal centres is of special interest The linking 
of the search for tunable expression of chirahty on a supramolecular level12 to the development 
of reactive metallo-aggregates led to the design ol an imidazole containing surfactant, having an 
amide linked hydrocarbon chain, \iz 1 n A study concerning the influence of copper 
complexation on the supramolecular expression of the molecular chirahty ot 1 is presented in 
this chaptei 
Although the physical properties ot self assembling systems described above have been 
extensively studied little progress has been made in correlating the molecular orientation of the 
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molecules with ihe nanoscopic piopcilies ol their aggregates l 4 Recent theoretical studies on 
tubule formation indicate that the cieation ot dînai supeistiucturcs is based on chual inteiaction 
of individual molecules in the bila>ei and that the magnitude ot this clurahtv, / с the amount oí 
twist in the molecular packing detcimines the dimensions ot the supiatnolecular structuie |S In 
spite ot these advances thcie is still little known about the iclation between the structuie of the 
molecules and then orientation with icspect to their nearest neighbour in an aggregate This 
problem has lecently been addressed by Frauke! and OBiien who have compared electron 
microscopic infoimation with predictions ot hydiogen bond formation obtained trom molecular 
modelling calculations foi a laige numbei of aldonamides "' 
In this chaptei an alternative approach is presented in which a detailed model lor the molecular 
organisation in aggregates is proposed based on physical data obtained lor the aggiegates 
piepaied horn 1 belore and atter complexation with coppci(Il) ions The intoimation obtained 
trom various measuiements is used to construct CPK models which indicate the dilleiences in 
moleculai oiganisation between the dilierent aggiegates In this manna the moleculai structure 
of the amphiphilc can be lelated to its ouentation with icspect to Us neatest neighbouis which 
may contribute to the undeistanding ot the origin ol the supiamoleculai expression of chiiality 
Results and discussion 
Aggregation behavtour and complexation with topper(II) ions 
Electron microscopy demolistiated the presence of planai bilayeis in aqueous dispcisions 
containing 0 I r/r (w/w) ol la (Figure la) These planai stiuctuies were tound to display a phase 
tiansition at 49 °C in DSC Powdei diftiaction patterns obtained lrom cast tilms of la showed 
higher order reflections repicscnting a bilayer thickness ot 18 7 A (Figure 2a) This value is 
significantly less than twice the total moleculai length of la which was estimated to be 27 5 A 
fioin CPK models Howevei when it is assumed that the hydrocarbon chains in the aggiegates 
are intercalated a bilayei thickness ot approximately 40 A is obtained which is in good 
agreement with the deduced value ol 18 7 A 
Vesicles with diameters ol 200 1000 nm weie toi med upon addition ol 0 25 molai equivalents of 
copper sulfate17 to a 0 1 7< dispersion of la and subsequent sonication at 70 °C as demolisti ated 
by election micioscopy (Figuic lb) The vesicles leorgamsed to foim small fibies with a length 
of 200-500 nm and a diameter ot approximate!) 10-20 nm during the course ot one hour at 
ambient temperature (Figure lc) Upon ageing at 4 °C for one day these fibres weie transtoimed 
into right-handed helical nbbons with a icgulai pitch ot I OK) A and a thickness of approximately 
100 A (Figure Id e) These helical structures weie tound to undeigo a weak phase transition at 
II °C implying a decrease in the moleculai organisation ot the bilayers as compared to the 
aggiegates formed from dispersions of pure l a A bilayer thickness ot 17 9 A was calculated 
trom powder diffiaction data (Figuie 2b) This indicated that these helices aie also built up from 
inteicalated bilayers The thickness ot the ribbons could be determined lrom the electron 
miuogiaphs and approximated to 160 A (Figuie le) suggesting that these ribbons are toimed 
by the legulai twisting of foui stacked bila>ers 
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Figure 1. Pt shadowed electron micrographs of a 0.19c (w/w) dispersion of (a) la after 16 hrs (Bar 500 
nm), (h) la directly after addition of 0.25 molar equivalents ofCuSOj (Bar 200 nm). (c) la/CuSOj 
complex after one hour (Bar 250 nm), (d-e) la/CuSC>4 complex after ageing overnight (Bars 400 and 35 
nm, respectively), (f) lb after 16 hrs (bar 200 nm). and (g) a 4/1 complex of lb and C11SO4 after 16 hrs 
(bar 500 nm). 
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The repetitive distance d
v
 i.e. the side of'a cell in the hexagonal lattice in which the hydrocarbon 
chains aie packed, appears generally in the powder diffraction pattern of phospholipids as a 
reflection representing a distance ot approximately 4 0-4.5 A l i ! The area occupied per alkyl 
chain (Σ). lepresenting the degiee of organisation ol (he hydrocarbon chains in an aggregate, can 
be calculated from this value using the formula: 
Σ= 2 ds-Л/з 
The Σ values obtained from cast films of la, and its copper sulfate complex, were 19.6 A- and 
20.1 A- per alkyl chain, respectively The latter value was derived trom a broadened reflection 
(Figure 2b) corresponding to a d
s
-value of 4 20 A. indicating a less well-defined hexagonal 
lattice. These data are in accordance with DSC experiments, which indicate a lower degree of 
molecular organisation after the addition of copper sulfate. 
Surprisingly, l b formed twisted fibres upon dispersion in water (Figure If), which display a 
phase tiansition at 18 °C. All fibres showed a right-handed twist. Their pitch, howevei. was not 
as régulai as that observed for the aggregates formed from (he copper sulfate complex of la. It 
should be stressed nevertheless, that a reduction of the hydiocarbon chain length apparently 
10 15 20 25 
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promotes the formation of chiral superstructures 
Addition of copper sulfate to aqueous dispersions of lb led to the formation of more pronounced 
helices as shown in figure lg These structures displayed a right-handed helical twist with a pitch 
of approximately 830 A and are more tightly wound than the helices generated from the copper 
sulfate complex ot la DSC did not reveal any phase transition in the 0-70 °C region and it was 
assumed theretoie that for these aggregates this phase transition temperature lies below 0 °C 
Monolayer experiments. 
In order to investigate the influence of copper ion complexation on the molecular area of 1 
monolayer experiments were performed on a sub phase of pure water as well as on an aqueous 
1 0 M copper sulfate solution (Figure 3) In both cases la formed stable monolayeis whereas 
compound lb appeared to dissolve upon compression Both isotherms of la showed a plateau 
indicating the со existence ot a liquid expanded (LE) and a liquid condensed (LC) phase The 
formation of LC domains in the LE-LC coexistence region could be monitored using Biewster 
angle microscopy but no chirahty in domain formation was observed The molecular areas of 
both la and its copper sulfate complex were determined by extrapolating the slopes ot the 
isotherms in the LC phase yielding values of 46 and 60 A2 respectively 
DSC and X ray dillraction data indicate a decrease in hydrocarbon chain organisation upon 
complexation with copper sulfate but monolayer experiments reveal only a slight increase in 
molecular area This suggests that the complexation of coppei(II) ions is not accompanied by 
major changes in the orientation of the molecules Consequently the ditterence in molecular 
organisation in the respective aggiegates has to be attributed to changes in the intermolecular 
interactions rather than to a change in the molecular areas 
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FT-1R spectia of cast films of the aggregates. 
Cast lilms of the aggregates weic studied using specular reflectance infraied spectroscopy to 
in\estigate the iole ot hydrogen bonding in the molecular organisation of the aggregates The 
1800-1475 cm ' region of the FT IR spectra ol cast films ot both l a and Us copper sulfate 
complex weie analysed by curve fitting piocedures and the fitted spectra were interpreted in 
terms ol hydrogen bonding and copper ion complexation The spectra obtained from cast films 
ot la (Figure 4a) showed a \ibiation at 1507 cm ' indicarne ot a non co ordinating imidazole 
gmup 1Ч The \ibiation at 1549 cm ' was assigned to an amide II vibration implying the presence 
ol a so-called amide polymer 11 a linear arra> of hydrogen bonded trans amides : n This was 
confn med by the observation of two N-H stretch vibrations at 1284 and 3057 cm ' (not shown) 
and the presence of a sharp amide I vibration shifted to 1645 cm ' The presence of a second 
very broad amide I vibration at 1662 cm ' suggests that the amide carbonyl group is also 
in\ol\ed in another less well defined type of hydiogen bond It is remarkable that also the 
vibration assigned to the ester caibonyl group had shifted to lowei wavenumbers implying that 
this group is also involved in hydrogen bonding 2 f l Since la bears only one hydrogen bond 
donoi w; the amide N-H gioup water molecules may also be involved in hydrogen bond 
foimation to the lespective caibonyl groups Experiments peifoimed on aggregates prepaied in 
deutenum oxide confnmed this inteipietation since the IR spectia of these samples still showed 
two N-H stretch vibrations whereas no N-D vibiation was observed This indicates that the H/D 
exchange of the amide proton is lelatively slow and that spectial changes in the 1800-1475 
region must be attiibuted to H2O/D2O exchange The shitting of both the broadened amide I 
vibiation and the estei C=0 vibration to lower wavenumbers leads to the conclusion that both of 
these carbonyl groups are engaged in hydrogen bonding to water molecules Since these 
hydrogen bonds lemain present in samples dried in \acuo foi 16 hours (he water molecules are 
piobably trapped between the head groups of the surfactant molecules linking an ester carbonyl 
gioup to a neighbounng amide caibonyl group 
IR spectia of cast films of the coppei sulfate complex of la revealed that the imidazole vibiation 
had shifted completely to 1528 cm ' (Figure 4b) indicating that the free ligand was no longer 
present | ч The observation of an amide II vibration at 1546 cm ' and Ν H stietch vibrations at 
3279 and 3055 cm ' indicates the presence of an amide polymer 2 0 which was suppoited by the 
finding of an amide I vibration shifted to 1647 cm ' The minoi vibration at 1676 cm ' îeveals 
the presence of a small amount of Iree amide carbonyl gioups The ester carbonyl showed two 
equally intense vibrations at 1726 and 1740 cm ' suggesting (hat halt of these carbonyl groups 
are involved in hjdrogen bonding wheieas the oiher part is free or very weakly bonded 
FT-IR spectra of cast films ol l b showed that the expression of molecular chiralily in its 
aggiegation behavioui was accompanied by a noticeable difference in hydiogen bond formation 
compaied to la (Figure 4c) The disappearance of the broad amide II vibration at 1662 cm ' 
suggest that in the aggiegates ol l b water molecules no longer interconnect ihese groups The 
presence of two csler carbonyl vibrations at 1742 and 1727 cm ' indicates however that this 
group is still involved in hydrogen bonding The most striking observation was, however the 
shili of the imidazole vibration to 1523 cm ' implying that also this function is 
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involved in hydrogen bonding A possible explanation for these observations is that in the 
aggregates of l b ester carbonyl groups are linked to imidazole groups by hydrogen bonded water 
molecules This implies that the helical structures obseived for compound l b are constructed 
from amide polymers ol surfactant molecules with restricted motional freedom ot the imidazole 
group 
The IR spectra ol the complexes of l b and copper sulfate were virtually identical to those 
obtained trom the copper sullate complexes ot l a (Figure 4d). indicating that, in this case, 
alteration oí the hydrocarbon chain length does not influence the type ot aggregates formed upon 
complexation with copper sulfate 
Models for aggregates 
CPK models were used to construct space lillmg models ot the respective aggregates, taking into 
account the tight packing ot molecules, the hydrogen bonding patterns deduced from the intrared 
data, and the intercalation of hydrocarbon chains These models indicate that la forms linear 
arrays of molecules, still allowing motional freedom ot imidazole groups, which only partially 
cover the surface of the aggregate (Figure 5a-b) These models reveal furthermore that the 
orientation of the ester carbonyl groups with respect to the amide N-H group is in good 
agreement with the presence ot hydrogen bonded water molecules interlinking the different 
layers ot surfactant molecules, / e the different amide polymers (Figure 6a) 
The inspection of CPK models ol l b showed that a water molecule cannot span the distance 
between the imidazole group and the ester group of the same surfactant molecule A connection 
of these groups can only be accomplished by linking two neighbouring molecules in the amide 
polymer This leads to arrays of surfactant molecules forming non-interlinked polymers with 
highly organised head groups (Figure 5c-d) It is especially noteworthy that the head groups in 
this arrangement completely cover the surface of the aggregate 
The dissimilaiity in the hydrogen bonding pattern between l a and l b coincides with the 
difference in hydrocarbon chain fluidity at room temperature, as shown from the difference in 
phase transition temperatures It is assumed that the melting of the alkyl chains is accompanied 
by a re-orientation ot the hydrogen bonds in the following manner the increased mobility of the 
fatty acid moieties causes breaking of the hydrogen bonds between the amide carbonyl and the 
bridging water molecules These water molecules will form new hydrogen bonds to the 
imidazole group ol a neighbouring surfactant molecule (Figure 6b) Following this scenario, the 
amide polymers of l b are no longer interconnected at room temperature, as opposed to la They 
will therefore not longer be restricted in then positional orientation with respect to each other 
The molecules obtain instead a more defined orientation ol their head groups, which will be in 
close contact since they cover the entire surlace ot the aggregates This arrangement may favour 
the generation of helical structures 
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Figure 5. CPK models of assemblies of molecules of(a-b) la and (c-d) lb. 
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Figure 6. Schematic representation of hydrogen bonding interactions in the aggregates of (a) la and (b) 
lb. Left top view, right side view. 
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According to the models shown in Figure 7, la can still form linear arrays of hydrogen bonded 
amide groups in a 4:1 complex with copper(II) ions. These models also revealed the differences 
in orientation between the different ester carbonyl groups in the copper complex (Figure 7a), 
This could account for the formation of hydrogen bonds to only a part of the ester carbonyl 
groups (Figure 8). 
The models show, moreover, a tight packing of the head groups of the complexes, which may be 
the origin of the supramolecular chirality, as expressed through the generation of helical 
structures. 
Figure 7. CPK models of an assembly of copper complexes of 1. 
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Figure 8. Schematic representation of hydrogen bonding interactions in aggregates of copper complexes 
of I. Left: top view, right: side view. 
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The organisation of linear arrays of hydrogen bonded surfactant molecules of both l a and l b 
leads to the close packing of the hydrocarbon chains, whereas the formation of a square planar 
4:1 imidazole copper(H) complex leaves a void volume in the interior of the bilayer (Figure 7b). 
The latter aspect may explain the reduction in hydrocarbon chain packing upon complexation 
with copper sulfate, as observed by DSC and powder diffraction experiments. 
Effect of counter ions 
Since the model proposed for the copper sulfate complex features non-interlinked arrays of these 
complexes (Figure 8), the question arises whether the aggregation behaviour can be influenced 
by altering the distances between these linear arrays. Variation of counter ion may influence the 
intermolecular distances in the aggregate, by changing either the electrostatic or steric 
repulsions, and could be used to tune the aggregation behaviour of these complexes. 
Upon addition of copper triflate to an aqueous dispersion of la, vesicles were again formed, as 
was demonstrated by electron microscopy (Figure 9a). However, these vesicles transformed into 
giant vesicles with diameters of approximately 5 μπι (Figure 9b) upon standing. The giant 
vesicles have a bilayer thickness of 40 ± 1 A, again indicating an intercalation of the bilayer. The 
powder diffraction pattern displayed a very broad band instead of a distinct d
s
-value, indicating 
the presence of a strongly disorganised bilayer interior (Figure 2c). This feature is in accordance 
with the observation of a very weak phase transition at 20 °C in the DSC experiments, which 
also suggests that the bilayer interior is more disorganised at room temperature, i.e. has a fluid 
character. 
Although the characteristics of the aggregates change dramatically upon alteration of the counter 
Figure 9. Electron micrographs of aqueous 0.1% (w/w) dispersions of (a) lb directly after addition of 
0.25 molar equivalents ofCu(SOjCFj)2, (h) la/Cu(SO¡CF¡)2 complex after ageing over night .Bar 
represents 5 μιη. 
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ions of copper(II) the FT-IR spectrum re\eals a strong resemblance to that obtained tor the 
copper sulfate complex (Figuie 4e) It may be concluded from the data that cooidination to 
copper trillate results in the formation of a complex which is ν π tually identical to the one 
obtained on complexation with copper sullatc The difference in molecular organisation is due 
only to a change in head group size which anses from the intioduction of the more space 
demanding tnflate ion 
Monolayer experiments pet formed on aqueous sub phases containing 1 0 M copper tnflate 
indeed reveal an increase in molecular aiea, compared with the use of copper stillate The 
observed larger molecular area in the liquid expanded (LE) phase (Figure 4) may be explained 
by the non-coordinating character of the tríllate ion as opposed to the sulfate ion Given this 
feature and the hydrophobic character of the CFi group it is reasonable to assume that these 
ions will be located at the lipid-water interface separating the lineai arrays of copper complexes 
This in tuin will lead to a lower degree ol hydiocarbon chain oiganisation. and hence to a 
lowering of the phase tiansition temperature It probably also disturbs the accumulation of 
chirahty in the aggregate and may thereby pi event its expression at the supramolecular level 
Conclusions 
The cxpeuments descnbed above demonstiate that the aggregation behaviour of 1 can be tuned 
in a such a way that the molecular chirahty of this surfactant is expiessed in its aggregates By 
changing the length of the hydrocarbon chain from C17 to С ц , right handed twisted fibres 
instead of planar bilayeis are formed The complexation to copper sulfate also leads to the 
formation of right handed helices for both la and lb 
One of the most striking results of these experiments is that the complexation with copper 
sulfate which in the case of la led to an induction of chirahty in the aggregates and in the case 
of l b to an improvement of the helical structuie was accompanied by a decrease in organisation 
of the bilayer interior A similar difference was observed for the aggi égaies formed ti om la and 
lb Although la foi ms aggregates with a higher degree of molecular organisation ie a higher 
degree of hydrocarbon chain packing and a more complex hydrogen bonding netwoik no chiral 
aggregates are formed whereas lb foims right handed twisted ribbons Apparently the presence 
of hydrogen bonding water molecules interlinking the amide polymers induces a molecular 
onentation which prevents the molecules Irom expressing their chirahty on a supiamolecular 
level The presence of non-interlinked lineai aiiays of molecular building blocks seems to be a 
pre requisite for the expression of chirahty on the supramolecular level '2 From CPK models of 
l b and its copper complexes (Figure 6b d) it appears that a high degree of head group 
organisation is also necessaiy for the generation of helical superstructures and that the regularity 
of their pitch increases with the increase in head gioup organisation 
The formation of linear arrays of copper tnflate complexes leads to the formation of giant 
vesicles rather than chiral aggregates This may result from the fact thai in this case the tnflate 
ions separate the linear anays of complexes and thereby pre\ent the accumulation of a 
symmetrical packing ol the molecules 
CPK models in combination with infoimation obtained Irom various measuiements in 
particular infrared spectroscopy are \eiy useful in explaining the differences in aggregation 
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behaviour of amphiphilic species and in gaining insight into the onentat ion of molecules in 
chiral aggregates This contributes to the understanding of the origin ot supramolecular chirality 
Experimental section 
Sample preparation 
Samples were prepared by somcation ol a 0 1 c/< (w/w) dispeision ot the surfactant in water al 70 °C tor 
one h Copper complexes were prepared by addition ot the desired amount ol a I 0 mM aqueous solution 
of the copper salt to a sonicated dispersion and additional somcation ol the dispersion of the mixture tor 
40 nun at 70 °C For all measurements except when indicated otherwise samples were aged toi 16 h at 
room temperature pnoi to use 
Electron microscopy 
Pt shadowed samples were prepared by bringing a drop ot the dispeision onto a form\ar coated 
microscope grid Atter one minute the excess ol dispersion was sucked otl and shadowed by evaporation 
ot Pt under an angle ol 45 υ 
Free/e-tractured samples were prepared by bringing a drop ot the dispersion onto a golden microscope 
gnd(15() mesh) placed between two copper plates and lixated in supercooled liquid nitrogen Sample 
holders were placed in a Balzers Frecvc Flching System BAF 400 D at 10 7 Torr and healed to 105 °C 
After fracturing the samples were etched tor 1 min (ΔΤ-20 °) shaded w ith Ptdayer thickness 2 nm) and 
covered with carbon (layer thickness 20 nm) Replicas weie allowed to heal up lo room tempeiature and 
left on a 20% aqueous chromic acid tor 16 hrs Atter rinsing with waiei they were allowed to dry and 
then studied under a Philips ТЕМ 201 (60kV) 
The samples were slained using uranyl acetate or Pt shadowing and studied under a Philips ТЕМ 201 
(60kV) 
DSC 
Thermograms were recorded using a Perkin & Elmer DSC7 instrument Samples were prepared in 
stainless steel 75 μΐ large volume pans Attei addition ol surfactant and buttei solution the pans were 
sealed and placed in a bath type sonicator at 70 °C The samples were sonicated tor one h and left 
overnight at 4 °C Aller incubation at 0"C for 15 min heating runs were recorded trom 0 60 °C 
Powder diffraction 
Powder diffractometry was carried oui with a Philips PWI7I0 diltractometer equipped with a Cu LFF X 
ray tube at 40 kV and 55 mA Experiments were earned out between λ and 60() using a step width ot 
0 0 1 ( ) Samples were prepared by placing a drop ol the suspension on a silicon single ciystal and 
subsequent evacuation to 0 1 Torr 
Monolayer experiments 
Isotherms were recorded on a thermoslaled home-built tiough (140 χ 210 mm) The surlace piessure 
was measured using Wilhelmy plates mounted on a Trans-Тек transducer (Connecticut USA). On the sub 
phase 40 μΐ of a chloroform solution (0 5 mg/ml) ot the surfactant (mixture) was spread and ihe solvent 
was allowed to evapoiate The rate of compression was 7 0 cm-/min The surface ot compressed 
monolayers was studied with a Brewster Angle Microscope (NFT BAM I ) equipped with a 10 mW He-
NF laser with a beam diameter ot 0 68 mm operating al 632 8 nm Reflections were detected using a 
CCD camera and images were recorded on a Panasonic superVHS videorecorder 
FT-IR spectroscopy 
IR samples were prepared by deposition ot a drop ot a surfactant dispersion (see sample pieparation) as a 
film on gold coated glass supports and dried by evacuation at 0 01 Ton Specular refleclance FT IR 
spectra were recorded at ambient temperature using a Biorad STS 25 single beam spectrometer 
equipped with a DTGS detector The optical bench was continuously purged with dry nitrogen gas (20 
1/min) Acquisition parameters Resolution 2 cm ' number of co-added interferograms 100 
wavenumber range 4000 750 apodisation function triangle Signal to noise ratios (2000 2200 cm ' ) 
better than 4x10^ Data acquisition and analysis were performed using WIN-IR sottwaie (Spectracalc) 
m 
Baselines were corrected and peak positions were determined usina second derivative spectra smoothed 
over 13 data points and cuive fitting analysis C u n e fitting procedures were repeated several times 
(Initial settings 109!- Gauss/ 909f Lorenz band width 10 cm ' ) and the quality ot the fitted spectra was 
checked by comparing the generated and original spectra belore and alter deconvolulion 
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Chapter 8 
Tuning the supramolecular expression of chirality: 
Copper(ll) complexation and chiral recognition of a 
histidine surfactant. 
Introduction 
Following ihc discovery that phospholipid molecules can lorm tubular, rod like and even helical 
architectures ' many researchers have shown that similar supramolecular structures can be 
obtained from chiral synthetic surfactants - ^ 4 Interconnection of the surfactant molecules 
through the tormation of hydrogen bonded chains ol secondary amides has been proven to be 
especially uselul in the realisation and stabilisation ol these highly organised aggregates 2 s The 
prospects foi the application of these nanometer sized stiuctures as earners of catalytically 
active reaction centers is well recognised and several groups have reported the deposition ol 
metal centres on the surfaces ol these aggregates s Although lunctionalised vesicle membranes6 
and reactive micellar systems 7 have been studied in great detail, little attention has been paid to 
the constiuction of chiral aggregates from amphiphilic species with potential catalytic activity 
As part ol a project aimed at the supramolecular expression of molecular chirality 8 histidine 
surfactant 1 bearing two amide linkages and a potential reactive imidazole group was 
synthesised Amphiphilic histidine lesidues can serve both as a proton donois and acceptors, 
which enables them to perform a variety of catalytic lunctions in aqueous systems 9 They are 
also able to coordinate transition metal ions which may lead to assemblies with interesting 
reactive properties 9 The seit assembly of eithei 1 01 its copper complex produces chiral 
architectures in which the surfaces are built up from organised potentially reactive groups 
These aggregates are of special importance since the ellect ot supramolecular chirality on the 
reactivity of such systems would be of particular interest 
CHi Опт I I 
(CH2)16(ÇH2)17 
NH 
ΗΝ 
Η" 
1 
NH 
СНч CH-j 
I I (сн
г
), 6 (сн 2 ) 1 6 
ΟΡΟ,' ΟΡΟ,· 
Compound 2 is a new synthetic phosphatide acid analogue l ( ' The three stereoisomers of this 
phospholipid were synthesized and the effect of their chirality on the aggregation behaviour of 1 
1И 
is described. Chiral discrimination has been a topic of interest in chemistry for several decades. 
Recently, monolayers of chiral surfactants have been used for chiral recognition in two 
dimensions.1 ' In this chapter this recognition phenomenon is extended to the three dimensional 
level. 
Scheme 1 
H,N 
CH3 
(ÇH2),6 
h° 
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Results and discussion 
Surfactant 1 was conveniently prepared from the Boc protected histidine 3 (Scheme 1). One 
alkyl chain was introduced by a DCC coupling with octadecylamine, which gave mono-amide 4 
in 60% yield. Deprotection of this Boc-amide 4 with trifluoroacetic acid and subsequent 
acylation of the liberated amino group with TV-(stearoyloxy) succinimide resulted in the 
introduction of the second alkyl chain. The desired product was obtained in 15% yield. The three 
stereoisomers of compound 2 were prepared as described in Chapter 2 . 1 0 b 
It appeared that 1 was not soluble in water at neutral pH, even at elevated temperatures. This 
behaviour may be due to the formation of strong intermolecular hydrogen bonds between the 
imidazole groups in the solid state, preventing the head groups from becoming hydrated. 
Figure I. Electron micrographs of aqueous 0.1 c/c (wAv) dispersions of 1 adjusted to pH=2.5. Bars 
represent 250 nm. 
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Figure 2 Monolinti istilliti m\ ti/ 1 ut inditi al 20 °C tin \iih pluist \ toiuiiinini· (ti) 
unni of pH 6 5 (b) watt ι adjusted to pH 2 5 and (t) I 0 m M aqueous toppii(ll) 
ti i/Itili 
Protonation of 1 by dispersion in water adjusted to pH 2 5 led to the lormation ot very long thin 
fibres (Figure la) which assembled side by side to yield bundles Some ot them showed a 
tendency to curl up into a right handed twisted structuie (Figure lb) 
Monolayei experiments revealed that 1 forms stable monolayers The isotherm recoided at pH 
6 ^ displayed a sharp increase of surface pressure upon compression at low surface pressure to a 
non-compressible stale which is characteiised by a lelatively large area pei molecule w- 60 A 2 
(Figlile 2) When spiead on a sub phase adjusted to pH 2 5 the isotherm revealed a more 
compicssible monolayer and an increase in the area per molecule probably because the head 
groups ol 1 become hydraled in the acidic solution 
The addition of coppei tnflate led to the foimation of a totally diffeient type of aggregates 
When this salt was added to 1 in a 1 4 ratio boomeiang like scrolls were generated as revealed 
by electron microscopy (Figure 3a) These had different thicknesses but all showed a left 
handed turn (See detailed pictures m Figure 3c-e) Flection microgiaphs taken of samples 
stained with 2% uranyl acetate indicated that these scrolls are not massive, but contain an 
aqueous interior (Figure 41) The photographs in Figure 3 show the dillerent stages ol scroll 
formation They suggest that these boomerangs are formed by stretching and twisting of the 
vesicle membranes in a steieospecific manner According to the overall shape of the sciolls this 
twisting starts initially at opposite sides ot the vesicle resulting in a slructure with a thickened 
centre and thin twisted ends (Figure 3b) Further stretching and twisting of these structures 
eventually leads to thinner species which are also helical in the central part of the aggiegate 
(Figuie 3c e) and occasionally to helical ribbons (Figuie 3g) The aggiegalc structures in Figure 
3g show leatures that stiongly resemble the spiral growth ot protoplasts induced by the action of 
tusicoccin as reported by van Amstel tt til (Figuie 3h) 1 2 
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Figure 3. (α-g) Electron micrographs of a 0.1% (w/w) dispersions of 1 containing 0.25 molar 
equivalents of copper(U) inflate. Bars represent (a) 5 ßm. (b) l\im, (c) 250 nm, (d) 100 nm. (e) 500 nm, 
(f) 200 nm, and (g) 200 nm. (h) Optical micrograph of protoplasts at different stages of growth after 
addition of fusicoccin, taken from ref 12. 
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Figure 4. Electron Micrographs of mixtures of I and (R,S) 2 containing (a) 25, (b) 50, and (c) 75 mole CA 
of 1. Bars represent 200 nm. 
The results of monolayer experiments with 1 carried out on a sub-phase of pure water (pH=6.5), 
and on one containing 1.0 mM copper tritiate, are presented in Figure 2c. These isotherms reveal 
that the molecular area of 1 is larger when spread on the latter sub-phase than when spread on 
pure water. Remarkably, the monolayer displays a high degree of compressibility and does not 
form a condensed phase upon compression. These results imply that addition of copper tritiate 
leads to a lower degree of molecular organisation in the two dimensional surfactant layer. This 
suggests that complexation of copper trinate also decreases the molecular organisation in the 
aggregates by the formation of complexes which are able to pack in such a way that the chirality 
of individual units is expressed on the supramolecular level. 
Mixtures of this surfactant and each of the different stereoisomers of 2 were prepared, containing 
25, 50, and 75 mole 9c of 1 (See Experimental Section), in order to study the effect of chiral 
recognition on the aggregation behaviour of 1. All three stereoisomers of 2 give planar bilayers 
upon dispersion in water.IOa When 1 (25 or 50 mole %) was mixed with the (R,S) isomer of 2, 
vesicles were formed with diameters ranging from 150 to 750 nm (Figure 4a and 
Figure 5. Electron micrographs of mixtures of 1 and (K,R) 2 containing (a) 25, (b) 50 and (c) 75 mole c/c 
of I. Bars represent 400 nm. 
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Figure 6. Electron micrographs of mixtures of 1 and <S,S) 2 containing (a) 5, (b) 20, (c) 25, (d) 30, (e) 
35, (f) 50, (g) 75 and (h) 30 mole c/c of 1. Bars represent (a-g) 400 nm and (h) 100 nm. 
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4b) Raising the concentration of 1 lo 75 mole % led to the formation of folded bilayers (Figure 
4c) Dispersions of 1 and the (R,R) isomer of 2 gave a completely different type of aggiegates In 
all three mixtures studied, electron miciographs showed the presence of short. ìriegulaily 
shaped, rod-like structures with an average diameter ol 30 nm and a length of 0 2-2 0 μιη The 
structure of the aggregates becomes more clearly defined at higher concentrations of I as can be 
deduced from Figures 5d-c When 1 and the (S.S) isomei of 2 were mixed, helical structures 
were obtained (Figure 6c-d) These helices were, however, only found in samples containing 25 
mole 4c of 1. Although in samples containing 50 and 75 mole 9c of 1. aggregates with a 
tendency to form twisted structures were present (Figure 6f-g), no distinct morphologies could 
be detected in the bulk ol the material In order to determine the minimum concentration of 
histidine surfactant required for the formation of helical structures, mixtures containing various 
amounts of 1 were examined In the range 1-10 mole 9i ol 1 planar bilayers and a small amount 
of tibies (Figure 6a) were observed, suggesting that only a small fraction of (S,S)-2 is interacting 
with 1, leading to the lormation of these fibres 
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Figure 7. Monola\ei isotheims of mixtuies of 1 and (S S)2 ι ec aided at 20 "C Pcicentages indicate the 
molili amount of 1 Inset shows the diffeientes between inonola\ei s of 1 and IS S)2. 
Further experiments revealed that helical structures were generated only when the concentration 
ol 1 was between 25 and 35 mole 9<\ with an optimum at 30 mole 9c (Figure 6b-c). In all these 
cases right-handed helices with a pitch ol approximately 90 nm and a thickness of ca 40 nm 
were observed exclusively When the concentration of 1 deviated from 30 mole 9c. the helices 
were short and many ol them contained defects The fact that the pitch and a thickness are very 
constant (Figure 6h) suggests that formation of the helical aggregates requires a distinct latio of 
the two surfactants, rather than a variable one Since a concentration of 30 mole % ol 1 appears 
to be optimal, 1.2 complexes of 1 and {S,S)-2 are probably the building blocks from which the 
helices are constructed 
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2. 
Previous studies have shown that the presence of a high degree of molecular packing, olten 
achieved by the formation of hydrogen bonds, is of major importance to the generation of helical 
aggregates 2 _ 4 In order to obtain information about the molecular packing of these molecules, 
monolayer experiments were performed on various mixtures of surfactant 1 and (S,S) 2 (figure 
7) When spread on a water sub-phase both 1 and (5,5) 2, as well as their mixtures, formed stable 
monolayers 1 3 As described above, the isotherm of 1 showed a transition at low sui face pressure 
to a non-compressible state with a relatively large area per molecule Mixing 1 with an 
increasing amount of (5,5j-2 led to a gradual increase in compressibility of the monolayer and 
brought about changes in the overall shape of the isotherm The isotherms shown in Figure 7 
reveal that the highest degree of molecular packing is observed for mixtures containing 25 and 
33 mole 4c of 1 
Since the mixtures containing 25 and 33 mole % of 1 are the only ones from which helices are 
formed, it is suspected that these mixtures possess the optimal molecular organisation for this 
n i 
type of aggregates The monolajers trom these mixtures show a high degree ot compressibility 
which indicate a relatively low degree of molecular organisation at lower stiriate pressures In 
contrast, a 1 1 mixture of 1 and (S S) 2 forms monolayers which show a comparable behaviour at 
low surface piessures but which display very little compressibility at low molecular areas This 
suggests a high degree of molecular organisation at low surface pressures 
These results can be rationalised by considering the schematic representations depicted in Figure 
8 It is assumed that in the I I mixture highly ordered, linear arrays of pairs of 1 and (S Ç) 2 are 
present which aie interconnected by hydrogen bonds In this case the molecules will be confined 
to their positions in a two dimensional lattice In the mixture containing 33 mole 4c of 1 
individual 1 2 complexes ot 1 and (S S) 2 are formed which will still have motional fieedom 
along the longitudinal axis of the complex This freedom allows the complexes to adopt 
orientations in which the average molecular area is minimised and in which chirahly is 
accumulated by an asymmetric packing of these building blocks over long distances leading to 
the formation of helical aggregates 
Concluding remarks 
In this Chapter it was demonstrated that complexation with copper ions and chiral recognition 
can be used to induce the supramolecular expression of the moleculai chirahty of 1 The 
boomerang-like scrolls that are formed Irom the copper(Il) tnflate complexes are a new type of 
aggregates which may be considered as metastable structures serving as intermediates in the 
transformation of closed bilayer structures to helical ribbons Chiral discrimination between 1 
and the three stereoisomers of the synthetic phospholipid 2 leads to the foimation ol different 
types of aggregates Only one of the stereoisomers of this phosphatide acid derivative was able 
to interact with 1 in a mannet that allowed expression ot chirahly at the supramolecular level 
The complexes from which the chiral aggregates described are constructed form surface 
monolayers with a relatively high degree ot compressibility wheieas complexes which are 
unable to generate chiral structures may form rigid highly organised monolayers This suggests 
that in the thiee dimensional aggregates the close packing ot building blocks formed by the 
complexation of more molecular sub-units, rather than the interconnection of individual 
molecular units is a pre-requisite for the expression of chirahty on a supramolecular level 
Experimental section 
(Ten butoxycarbonyl) histidinc was a generous gift trom Prot G I Tesser s group 
(tert-Butoxycarbonyl)histidine octadecylamide, 3 
Ίο a solution of ieri butoxycarbonyl protected hisiidiiie 3 (2 0 g 7 8 mmolc) in DMF (100 ml) 
ocladecslamine (2 2 g 7 8 mmole) dicyclohexyl carbodnmide (2 1g 10 1 mmole) and N h>droxy-
benzotnazolc (12 g 8 5 mmol) were added The mixture was stirred at room temperature for 18 h and 
then concentrated under reduced pressure The residue was dissolved in ethyl acetate and washed with 
water and saturated aqueous NaHCOi The organic layer was dried (MgSO.i) and partially concentrated 
causing precipitation of 4 at 4 °C The solid material was subjected to column chromatography (silica gel 
60H methanol/ethyl acetate 1/9 v/v) and 4 was obtained as a white solid in 60r/r yield (mp 132 "C 
[a | L ) 2 0 = 30°(CHCl 1 i = D) Calculated tor C29H54O1N4 68 37%С 1074 VrH 11 06 '/гN found 
68 26<7rC 10 67 <;f Η 11 Г7
 r/<-N IR (KBr cm ') ν 3390 (Ν Η) 2920 2850 (C Η) 1700 (О C=0) 1640 
(Amide Ι) 1550 (Amide II) MS(CI+ m/z) 507 (M+l) 433 (M С4НдОН) Ή NMR (CDCl, ppm) 
5=0 88(t 3H (СН2)і7СНя) I 25 (m 32H NHCHi(CH2)i(,CH1) I 61 (br s 9H (СЫз)іС) 2 91 (m 
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IH AXY CFblm) 3 19 (m 2H NH СН 2 . & IH AXY CFblm) 4 36 (s IH AXY CHCH 2Im) 6 77 
(brs IH NH) 6 88(s IH Im H(4)) 7 55 (s IH Ini H(2)) 
(V-Octadecanoyl)histtdine octadecylamide, ì 
A solution ol 4 (0 93 g 1 8 mmole) in trifluoroacetic acid (5 ml) was stirred tor 15 min neutralised with 
saturated aqueous NaHCCh and subsequently extracted with dichlorometane/melhanol 3/1 (v/v) The 
oigame layer was dried (MgSO.;) and concentrated The residue was dissolved in DMF/CH2CI2 1/1 (100 
ml v/\ ) and tnethylamine (0 25 g 2 5 mmole) was added Alter addition of a solution of /V-(stearoyloxy) 
succinimide (0 75 g 2 0 mmole) in DMF (50 ml) the reaction mixture was stirred tor 18 h at room 
temperature and concentrated in \aciio In older to hydrolyse acylated imidazole groups the residue was 
dissolved again in chloroform/methanol 7/3 (v/v) and powdered KOH was added The mixture was 
washed with water dried over MgSCXi and concentrated Recrystalhzation trom chlorolorm/methanol 9/1 
(v/v) gave 1 in 75Vc yield (mp 155 °C [ α ]
π
2 0
 (CHCh f = l) = - 5 0 " ) Calculated tor С 4 2 Н 8 0 О 2 ^ 7494 
4,0. 11 98 <7r Η 8 32<7rN lound 74 19 VeC 11 47 9Ж 8 37 7rN IR (KBr) v= 3300 (N-H) 2925 2850 
(C-H) 1640 (Amide I) 1550 (Amide II) MS(CI+ ml/) 673 (M+l) 404 (M N H C | 8 H i 7 ) Ή NMR 
( C D C h /CD^OD ppm) δ=0 88 (m 6H С Ш ) 1 25 (m 58Н N H C H 2 C H 2 ( C H _ 2 ) | sCH λ, 
С ( 0 ) С Н 2 С Н 2 ( С Н 2 ) 1 4 С Н , ) 1 42 (t 2H С ( 0 ) С Н ^ С Н 2 ) 154 (t 2Н N H C H 2 C H 2 ) 2 18 (t 2H 
C(O)CFb) 2 9 3 ( m 2Н AXY CFblm) 3 13 (t 2H NHCH 2 ) 4 54 (t IH AXY CHCH 2Im) 6 79 (s 
IH Im-H(4)) 7 50 (s IH Ira H(2)) 
Sodium 2R,3S-di(octadecanoyloxy)-butane-l,4-diyl bisphosphate 2 
The different stereoisomers ot 2 were piepaied according to the procedures described in Chapter 2 l ( ) b 
Sample preparation 
Samples were prepared by sonication ot a 0 1 c/< (w/v. ) dispersion ot the surfactant in water at 70 °C tor 
one h Copper complexes were prepared by addition of the desired amount of a 1 0 niM aqueous solution 
ot the copper salt to a sonicated dispersion and additional sonication ol the dispersion of the mixture tor 
30 minutes at 70 °C Mixtures of 1 and 2 were prepared by evaporating a chlorotorm/methanol solution 
ot the desired mixture and dispersing this mixture in water by sonication as described for the pure 
surfactants 
Electron microscopy 
Electron microscopy samples were prepared by application of a diop ot the dispersion on to a lormvar 
coated microscope grid After one minute excess dispersion was sucked off The samples were stained 
using uranyl acetate or Pt shadowing and examined under a Philips ThM 201 (60kV) microscope 
Monolayer experiments 
Isotherms were recorded on a thermostaled home-built trough (140 χ 210 mm) The surface pressure 
was measured using Wilhelmy plates mounted on a Trans Тек transducer (Connecticut USA). On the 
sub phase 50 150 μΐ ot a chlorolorm solution (0 5 mg/ml) of the surfactant (mixture) was spread and the 
solvent was allowed to evaporate The rate ot compression was 7 0 cm-/min The surface of compressed 
monolayers was studied with a Brewster Angle Microscope (NFT BAM 1) equipped with a 10 mW He 
Nb laser with a beam diameter of 0 68 mm operating at 632 8 nm Reflections were detected using a 
CCD camera and images were recorded on a Panasonic superVHS videorecorder 
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Summary 
Aniphiphilic molecules or surfactants arc molecules that consist of a hydrophilic and a 
hydrophobic part. Dispersed in water, they will form aggregates in which the hydrophilic parts 
are directed towards the aqueous phase and the hydrophobic parts are directed towards the apolar 
interior of the aggregate. The type of aggregates depends on the shape of the molecule and on 
the chemical character of its sub-units. It has been reported in the literature that several factors 
е.ц. chirality. metal complexation. and hydrogen bonding have a distinct influence on the 
aggregation behaviour of these compounds. It may seem obvious that these influences are due to 
changes in the shape and intermolecular interactions of these compounds, however, little 
attention has been paid to the effect of these factors on a molecular level. The main theme of this 
thesis is the investigation of the influences that the above mentioned factors have on the 
molecular conformations and the intermolecular interactions of a number of new synthetic 
surfactant molecules. 
N a j O a P O ^ О 
- 0 - " - 0 1 7 Η 3 5 
Na 2 0 3 PO— 
N a 2 0 3 P O — 
0 
о ^ - с 1 7 н 3 5 
Ύ* 
1* 
О—гг-С1 7Н3 5 
О 2 
Na203PO 
Molecules of phosphatide acid, one of the constituents of biomembranes, consist of two 
hydrocarbon chains and one phosphate head group. The introduction of a second phosphate 
group can be accomplished in two manners, viz. by replacing one of the aliphatic chains by a 
phosphate moiety or by extending the C3 carbon backbone with a methylene unit to which a 
phosphate moiety is attached. The former approach yields an achiral surfactant 1 which forms 
micellar fibers upon dispersion in water. The latter creates an extra chiral center in the molecule 
which leads to the generation of diastereomers (2). These diastereomers differ in their 
aggregation behaviour due to the different orientations of their functional groups. The most 
remarkable difference in aggregation behaviour is encountered when calcium ions are added to 
vesicle suspensions of the different isomers. The vesicles formed from the (S,S) isomer undergo 
fusion, whereas those of the (R,S) isomer show vesicle fission. This remarkable behaviour can be 
explained by a change in the molecular packing of the lipid molecules upon the complexation of 
calcium ions. The analysis of physical data obtained prior to, and after the addition of the 
calcium ions reveal that the different ways the size of the head groups of those two compounds 
change can account for the occurrence of fusion and fission of the vesicles, respectively. 
The aggregation behaviour the (S.S) isomer which is concentration and, to a lesser extend, 
temperature dependent. Low surfactant concentrations favour the formation of platelets with 
intercalated bilayers. whereas at higher concentrations planar, non-intercalated bilayer structures 
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are formed in which the molecules have a tilted orientation with respect to the bilayer normal 
The introduction of the second phosphate group creates the possibility for the molecules to adapt 
two different conformations leading to differences in the packing ability of the surfactant 
molecules At low suifactant concentrations an unti conformation of the phosphate groups is 
preferred The molecules are forced to intercalate due to the relatively high moleculai area 
associated with this conformation Higher conformations favour the formation of the less space 
demanding s\» orientation in which the tilting of the molecules provides an adequate packing 
Different types of aggregates are lormed from the new dnmidazole surfactant 3 depending on 
the pH ot the dispersions At pH 5 5 at which the molecules are in their mono protonated state 
large multilamellar vesicles with inteicalated bilayers are formed In their non protonated state 
(pH 9 5) the molecules form non intercalated planar bilayei structures that rearrange to form 
(poly (crystalline platelets with a high degree of molecular organisation 
This compound is able to copper(ll) ions by the formation of complexes of the type 
Cu(imida7ole)42 + The aggregation behaviour ot its coppei sulfate complex was studied at 
diffeicnt pH values At pH 5 "5 a chelate is formed in which two surfactant molecules coordinate 
to one metal centie From this complex vesicles are generated which consist of inteicalated 
bilayeis in which the molecules have a tilted orientation The complex lormed at pH 9 5 has a 
polymeric structure in which the imidazole groups of one molecule coordinate to different metal 
centers which themselves are surrounded by four different surlactant molecules This complex 
gave vesicles with intercalated bilayers also but in this case the molecules had a non-tilted 
orientation 
R=C(0)C 3 H 7 C 6 H 5 
R = C11H23 C-17H35 
X = Phosphate Imidazole 
A new class ot chiral amide containing surfactants 4 can be synthesised using the chemistry of 
azindincs The hydiophobic moicly is introduced by acylation ot pnmaiy azindines with an 
appropriate fatty acid chloride, which simultaneously activates the three membered ring Ring 
opening by nucleophihc attack of dibenzyl phosphate results in the lormalion ot a pair of 
positional isomers having the phosphate group connected to either the primary or secondary 
carbon atom Separation and debenzylation yields an isomeric pair of phospholipid analogues 
bearing an amide linked instead of an ester linked, hydrocaibon chain Ring opening with 
imidazole requires the application of high pressures (15 kBar) and leads to the introduction of 
the imidazole group at the primary position 
The expiession ot molecular chirality ot these amide containing surfactants on the 
supramolecular level ; e the formation of helical structures, strongly depends on the hydrogen 
bonding pattern formed in the aggregates Although all the compounds obtained form trans 
amide polymers ; e strands of turns amides held together by hydrogen bonds the formation of 
chiral aggiegates is observed only in a few cases Positional isomerism hydrocarbon chain 
length pH and complexation of metal ions can influence this supramolecular expiession of 
chirality Information obtained lrom monolayer experiments powder diffraction patterns and 
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FT-IR spectra can be used to construct CPK models of assemblies of these molecules These 
models provide information about the possible moleculai oigamsation in the aggregates and 
about the origin of the supramolecular chirahty 
According to these CPK model studies the molecules are closely packed and. most importantly, 
their chiral centers are positioned in close proximity in the cases where helical aggregates are 
formed This molecular organisation probably allows the accumulation ot molecular chirality 
which leads to the formation of chiral superstructures 
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A new surfactant containing two amide-linked alkyl chains can be prepared conveniently Irom 
histidine Complex formation of this surfactant with copper(lI)tnflate leads to the formation 
closed bilayer structures which become twisted to form boomeiang like aggregates In turn this 
new class ot chiral aggregates slowly transfoims into helical structures 
Chiral recognition has been observed lor monolayers of Surfactant but has nevei been reported 
for three dimensional aggregates However, mixtures of this histidine surfactant and the different 
stereoisomer of the synthetic phosphatide acid Ca-analogue described above yield different 
aggregates depending on the stereochemistry and the molar Iraclion of the phosphatide acid 
analogue used Mixing with the (R,R) and (R S) isomers gave different non-chiral aggregates 
Helical structuies with the same pitch and thickness were toi med when the histidine suifactant 
was mixed with the (S,S) isomer This was, however, only the case when the mixture contained 
25-35 mole °A ol the histidine derivative, with an optimum at 30 mole % This suggests that only 
the formation of a 1 2 complex of the histidine surfactant and the phosphatide acid analogue 
leads to the generation ol chiral superstructures 
Samen vatting 
Amfifiele moleculen of surlactants zijn moleculen die bestaan uit een hydrofiel en een 
hydrofoob gedeelte Wanneer deze moleculen in water worden gedispergeerd vormen ze 
aggregaten waarin de hydrofiele gedeeltes naar het water gencht zijn en de hydrofobe gedeeltes 
naar het binnenste van het aggregaat wijzen Het type aggregaat dat gevormd wordt hangt af van 
de vorm van hei molecuul en het chemische karakter van de verschillende onderdelen waaruit 
het is opgebouwd In de literatuur is reeds beschreven dat verschillende factoren zoals chiralileit, 
de complexcnng van metaal ionen en wateistofbruggen een duidelijk etlect hebben op het 
aggregatiegedrag van deze verbindingen Het lijkt voor de hand liggend dat deze effecten 
veroorzaakt worden door veranderingen in de vorm en de ïntermoleculairc interacties van deze 
verbindingen, maar er is tot nu toe weinig aandacht besteed aan het effect van deze factoren op 
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moleculair niveau Het belangrijkste onderwerp van dit proefschrift is het onderzoek naai de 
invloed die de bovengenoemde (actoren hebben op de moleculaire conformaties en de 
intermoleculaire interacties van een aantal nieuwe suitactant moleculen 
De moleculen van fosfatidezuur een van de bestanddelen \an biologische membranen bestaat 
uit twee koolwaterstof ketens en een fosfaat kopgroep Het invoeien van een tweede fosfaat 
groep kan op twee manieren gebeuren hetzij dooi het veivangen van een van de alifatischc 
ketens door een fosfaat groep ol door het verlengen van het Cvkoolstof skelet met een 
methyleen groep waaraan een lostaatgioep is gekoppeld De eerste benadeling geelt een achuale 
surfactant 1 dat micellen voimt na dispergeren in water De laatste benadering creeeit een 
tweede chiraal centrum in het molecuul hetgeen leidt tot de vorming van diastereomeicn (2) 
Deze diastereomeren hebben een verschillend aggiegatie gedrag vanwege de velschillende 
ruimteli|ke onentaties van hun functionele giocpen Het meest opvallende verschil komt naar 
voren wanneer aan vesicle suspensies van de verschillende diastereomeren calciumionen worden 
toegevoegd De vesicles die door de (SS) isomeer wolden gevormd ondergaan fusie terwijl de 
vesicles die dooi de (R S) isomeer worden gevormd vesicle splitsing te zien geven Dit 
opmerkeli|ke gedrag kan woiden verklaard door een verschil in moleculaire pakking van de 
moleculen tijdens de complexering van calcium ionen De analyse van de lysische gegevens die 
werden verkregen voor en na de complexering van calcium ionen laten zien dat de verschillende 
manier waarop de kopgroep-grootte van deze twee verbindingen verandert het optreden van 
fusie en splitsing van de vesicles kan verklaren 
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Het aggregaticgedrag van de (S S) isomeer van 2 is afhankelijk van de sui tac tant concentratie en 
in mindere male van de temperatuur Lage sui lactam concentraties leiden tot de voiming van 
plaatjes met geintercaleerde bilagen terwijl bij hogere concentiaties uitgestrekte bilagen 
gevormd worden waarin de moleculen een hoek maken met de normaal van de bilaag De 
invoering van een tweede fosfaatgroep stelt de moleculen in slaat twee verschillende 
conformâmes aan te nemen die tul verschillen leiden in de pakkings mogelijkheden van de 
surfactantmoleculen Bij lagere concentraties gaal de voorkeur uit naai een anti conformane van 
de fosfaatgroepen De moleculen zijn hier gedwonen om te intercaleren vanwege het relatief 
grote moleculaire oppervlak dal gepaard gaat met deze contormatie Hogere concentraties 
bevorderen het aannemen van een minder ruimte eisende i\n oriëntatie waarin het ' tillen van 
de moleculen een adequate pakking oplevert 
Het nieuwe diimidazool-surfactant 3 vormt velschillende type aggregaten afhankelijk van de pH 
van de dispeisíes Bij pH 5 5 waar de moleculen in hun enkelvoudig gepiotoneerde vorm 
voorkomen worden grote multilamellaire vesicles mei geintercaleerde bilagen gevormd In hun 
gedeprotoneerde toestand (pH 9'S) vormen de moleculen niet gemlercaleerde uitgestiekte 
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bildgen die reorganiseren tot (poly-)kristalhjne plaatjes met een hoge male van moleculaire 
ordening 
De7C verbinding is in slaat koperionen te binden dooi de vorming van complexen van het type 
Cu(imidazool)42+ Het aggiegatiegedrag van deze koper complexen werd bestudeerd bij 
velschillende pH-waardcn Bij pH 5,5 wordt een chelaat gevormd waarin twee surfactant 
moleculen rond een metaalcentrum coördineren Dit complex vormt vesicles met geintercaleerde 
billigen waarin de moleculen een getilte' oriëntatie hebben Het complex dat bij pH 9,5 
gevormd wordt heeft een polymère structuur waarin de ïmidazool groepen van een molecuul 
coordineien aan verschillende metaalcentra die op hun beurt weer omgeven zijn door vier 
surfactant moleculen Ook dit complex geeft vesicles met geintercaleerde bilagen, maar in dit 
geval hebben de moleculen geen "getilte" oriëntatie 
R =C(0) C3H7 C6H5 
R = C11H23 C17H35 
X = Phosphate Imidazole 
Gebruikmakend van de chemie van azindines kan een nieuwe klasse van chnale amide 
bevattende surfactants woiden gesynthetiseerd De hydrofobe eenheid kan worden ingevoerd 
dooi de acylenng van primaire azindines met een geschikt zuurchlonde, hetgeen tegelijkertijd de 
dricring activeert Rmgopening door nucleofiele aanval van dibenzylfostaat resulteet in de 
vorming van twee positionele isomeren met een tostaatgroep op de primaire ol op de secundaire 
positie Scheiding en debenzylenng van deze verbindingen levert een paar van isomere 
fosfolipide analoga op die een amidebinding in plaats van een esterbinding bezitten Ring 
opening met ïmidazool vereist het gebruik van hoge diuk ( 15kBar) en leid tot de invoering van 
de imidazoolgroep op de primaire positie 
De expressie van moleculaire chiraliteit van deze amide bevattende surfactants op een 
supramoleculair niveau, nl de vorming van helix structuren, hangt sterk at van het patroon van 
waterstofbruggen in de aggregaten Hoewel al de verkregen verbindingen nans amide 
polymeren vormen (strengen van trans amides bijelkaar gehouden door waterstofbruggen) 
worden slechts in een klein aantal gevallen crurale aggegaten gevormd Posities van functionele 
groepen, de lengte van koolwaterstof ketens pH en de complexenng van metaal ionen 
beïnvloeden de supramoleculaire expressie van chiraliteit Informatie die werd verkregen uit 
monolaag experimenten, poederditfractie patronen en r-T-IR spectroscopie kan worden gebruikt 
om CPK modellen te bouwen van clusters van deze moleculen Deze modellen geven informatie 
over de mogelijke moleculaire organisatie in de aggregaten en de oorsprong van de 
supramoleculaire chiraliteit 
Volgens deze CKP-modelstudies, hebben de moleculen in die gevallen dat helices gevormd 
woiden een dichte pakking en wat belangrijk is bevinden de crurale centra zich op korte 
alstand van elkaar Deze moleculaire organisatie leidt waarschijnlijk tot een accumulatie van 
moleculaire chiraliteit en uiteindelijk tot de vorming van crurale superstructuren 
Het nieuwe surfactant 5 die twee amide-gekoppelde alkyl ketens bezit kan eenvoudig worden 
bereid vanuit histidine Complexvorming van deze surfactant met kopertriflaat leidt tot de 
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vorming van gesloten bilagen die oprollen tot boemerang achtige structuren Deze nieuwe klasse 
van aggregaten verandert op zijn beurt weer in helixvormige stucturen 
- N - C 1 7 H 3 5 O H 
Chirale herkenning is aangetoond voor monolagen van surfactants, maar is nog nooit beschreven 
voor drie dimensionale aggregaten Echter mengsels van histidine-surtactant 5 en de 
verschillende stereoisomeren van het synthetische fosfatidezuur analogon 2 geven verschillende 
aggregaten, afhankelijk van de stereochemie en de molfractie van het gebruikte fosfatidezuur 
analogon Mengsels met de (R R) en de (R S) isomeer gaven verschillende niet chirale 
aggregaten Wanneer 5 werd gemengd met de (S b) isomeer worden helixvormige structuren met 
allemaal dezelfde spoed en dikte gevormd Dit was echter alleen het geval wanneer het mengsel 
tussen 25 en 15% van het histidine-denvaat 5 bevatte met een optimum bij 40 mol% Dit 
suggereert dat uitsluitend de vorming van een 1 2 complex tussen de histidine surfactant 5 en de 
(S S) vorm van het fosfatidezuur analogon 2 tot de vorming van chirale superstructuren leidt 
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